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PREFACE
This thesis reports investigations made in two areas of nuclear 
physics. The work was carried out over a zV2 year period from August 1972 
to February 1976.
The first chapter is on the elastic scattering of 13C on 12C at 
EfAB = 12 MeV. The experiment was suggested by Dr D. Branford after 
Dr P.J.A. Buttle had made some calculations which implied that neutron 
transfer should be evident in the scattering. A new piece of apparatus was 
designed and constructed by myself (p.8) which facilitated this experiment. 
The data were collected by myself and Dr D.C. Weisser, and latterly with the 
assistance of Professor J.O. Newton. All data analysis was performed by the 
author with suggestions from the two previously mentioned people.
A computer program which ran on the A.N.U. UNIVAC 1108 computer 
was written by myself. This performed theoretical calculations of the 
elastic scattering cross section based on the neutron transfer theory due 
primarily to W. von Oertzen. Many other subsidiary programs were written 
to run on the UNIVAC 1108 and the department's IBM 1800 computer to assist 
in analysis and interpretation of the results. Several 'house' programs, 
written mainly by Dr T. Ophel were used in the initial data reduction.
The second part of this work concerns the radiative capture of 
alpha particles by targets in the range A=40 to A=62. In this case, data 
collection was shared for three of the reactions by members of the 'alpha 
capture group', viz. Drs Weisser, Shikazono, Hickey and myself. The data 
for one of the reactions was collected entirely by the author. All data 
analysis was performed by the author using programs already available for 
use on the IBM 1800, and programs such as angular distribution fitting 
routines were written and run on the UNIVAC 1108.
Calculations of alpha capture cross sections were carried out by 
Dr Moto Shikazono using programs he had written and based on a recently 
published theory by Shikazono and Terasawa.
No part of this thesis has been submitted for a degree at any 
other University.
iß. d&mdt.
L.A. Bennett.
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ABSTRACT
The first chapter of this thesis describes an experiment on the 
elastic scattering of 13C on 12C at 12 MeV LAB energy. It has been found that 
the elastic transfer of a neutron between identical bound states in 13C 
causes a modulation of the elastic differential cross section. The degree 
of modulation depends principally on the spectroscopic factor, S2, of the 12C 
core plus py neutron component in the 13C wave function since the probability 
of a bound neutron jumping to a passing 12C core depends on how much 13C 
'looks' like a 12C core plus extra neutron. As expected, a theory can be 
constructed in which the exchange probability is proportional to S2. If the 
energy of the colliding nuclei is low enough, then Coulomb forces should be 
the major interaction. Since these are well known forces, only one unknown 
quantity remains, S2. This is treated as a parameter in fitting the theory 
to experiment, and in the present case, a value of S2 = 0.59 ± 0.12 was 
obtained.
In the second part of this thesis, the nuclei 44Ti, 58Ni, 54Zn and 
65Zn were studied in the region of the continuum through alpha capture on 
the appropriate target. Gamma ray emission was measured to the ground and 
first excited states of these nuclei. The capture of alpha particles by 
zero spin targets leads to aligned excited states and consequently a direction 
is established in space relative to which angular distributions can be 
measured. It was found that gamma ray angular distributions of ground state 
transitions showed characteristics of interference between 1 and 2+ levels. 
The cross section ratio for exciting these levels was a(2+)/a(l )^15%. 
Excitation functions were measured over a range of excitation energy of 
roughly 10-20 MeV in energy steps ranging from 50 keV (44Ti) to 250 keV 
(66Zn). Fluctuations were seen in both Yo and Yi channels which were inter­
preted as Ericson fluctuations which were damped by energy loss in the target. 
Mean level widths were extracted on this basis, having a value of the order 
of a few keV. It is well known that (a,y) cross sections do not show the 
classical Lorentzian G.D.R. absorption shape due to Coulomb penetration 
effects and favoured emission of neutrons and protons from the compound 
nucleus. However, (a,y) cross sections can be converted 6o Oy^  (total 
absorption cross section) by dividing by essentially Ta /ET where the T 
are transmission coefficients. When this is done the shape of ay^ is 
obtained, and it is interesting to look for evidence of isospin splitting in 
the Nj^ Z nuclei as well as the degree of isospin mixing in N=Z nuclei. The
iv
theory of Shikazono and Terasawa, which incorporates isospin mixing in the 
usual Hauser-Fesbach branching ratio, was used, and estimates of 
made, where ^Y/g is the fraction of the appropriate sum rule exhausted by 
the cross section and e2 the mixing of T and T levels. In all cases, the 
El cross section could be fitted assuming that the reaction proceeded through 
a compound process. It was shown that direct and semi direct processes were 
negligible in comparison.
About ten angular distributions were measured for each reaction, 
and the E2 cross section extracted by fitting these with the expression
|f(0)| = I a ^  sinG + b 12sin20 |
2
a(l") and a(2+) are absolute cross sections for 1" and 2+ levels and 0^2 a 
phase angle between incoming £=1 and %=2 alpha partial waves. The total 
cross sections are given by
o(l-) = a
a(2+) - f | b
AT=0, E2 radiation is permitted by isospin selection rules, and therefore 
isospin mixing of T*^ and T^ * states is not considered in the calculation of 
the E2 cross section. It was found that the 44Ti and 58Ni E2 cross sections 
could be accounted for by the mechanisms proposed (i.e. compound, direct, 
semi-direct) but for the two remaining cases, the measured E2 cross section 
was generally of the order of 10 times greater than the calculated one.
VTABLE OF CONTENTS
PREFACE i
ACKNOWLEDGEMENTS ii
ABSTRACT iii
CHAPTER 1
THE 12C(13C,12C)13C REACTION
1.1.1. INTRODUCTION 1
1.1.2. THE COLLISION OF CARBON NUCLEI 1
1.1.3. THE INTERFERENCE PHENOMENON 3
1.1.4. DETERMINATION OF SPECTROSCOPIC FACTORS BY THE LINEAR
COMBINATION OF NUCLEAR ORBITALS METHOD 5
1.2.1. BEAM, TARGET, TARGET CHAMBER, SPECTROMETER AND MONITORS 7
1.2.2. CHARGE STATE FRACTIONS • 10
1.2.3. DETECTION OF REACTION PRODUCTS 11
1.2.4. ENERGY SPREAD IN THE DETECTED PARTICLES 14
1.2.5. DETECTION OF 12C RECOILS 20
1.3.1. SIGNAL ANALYSIS 22
1.3.2. TEST OF ANGULAR SCALE ALIGNMENT 22
1.3.3. aexp(0)/öR(6) 22
1.3.4. EVALUATION OF ERRORS 24
1.4.1. EXPERIMENTAL RESULTS 24
1.5.1. THE L.C.N.O. THEORY 26
1.5.2. COLLISIONAL ADIABATICITY 27
1.5.3. THE SCATTERING PROCESS 29
1.5.4. CONCLUSIONS 33
RADIATIVE ALPHA CAPTURE STUDIES
vi
CHAPTER 2
2.1.1. INTRODUCTION 35
2.1.2. THE GIANT DIPOLE RESONANCE 35
2.1.3. CLASSICAL AND QUANTUM EQUIVALENCE 37
2.1.4. DEVIATIONS FROM THE C.D.S. RULE 38
2.1.5. QUADRUPOLE SUM RULE 39
2.1.6. ISOSPIN 40 '
2.1.7. SELECTION RULES 43
2.1.8. PROTON AND ALPHA PARTICLE CAPTURE 43
2.1.9. SPLITTING OF THE G.D.R. 44
2.1.10. THE HYDRODYNAMIC MODEL 47
2.2.1. EXPERIMENTAL ASPECTS 50
2.2.2. ALPHA PARTICLE AND PROTON RADIATIVE CAPTURE 52
2.2.3. THE GIANT QUADRUPOLE RESONANCE 52
2.3.1. CROSS SECTION CALCULATIONS 56
CHAPTER 3
3.1.1. INTRODUCTION - 61
3.1.2. DESCRIPTION OF THE SPECTROMETER 61
3.1.3. TARGET CHAMBER 65
3.1.4. ATTENUATION BY THE TARGET BACKING 65
3.1.5. INTERACTIONS IN THE CRYSTAL 65
3.1.6. COSMIC RAYS 68
3.1.7. RATIONALE OF SIGNAL ANALYSIS 69
3.1.8. ELECTRONICS SYSTEM 69
3.1.9. PULSE PILE-UP 72
3.1.10. SOURCES OF BACKGROUND 74
3.1.11. CALIBRATION OF THE SPECTROMETER 75
3.1.12. REJECTION EFFICIENCY 76
3.1.13. LINESHAPE FITTING 76
vii
3.1.14. ABSOLUTE CROSS SECTION 79
3.1.15. ERRORS 81
3.2. EXPERIMENTAL METHOD 82
3.2.1. THE ALPHA BEAM 82
3.2.2. VACUUM 82
3.2.3. TARGETS AND BEAM INTEGRATION 82
3.2.4. CONTAMINATION OF TARGETS 85
3.2.5. MEASUREMENTS 85
CHAPTER 4
4.1.1. INTRODUCTION 87
4.1.2. EXCITATION FUNCTIONS 87
4.1.3. CORRELATION OF FLUCTUATION STRUCTURE 94
4.1.4. MODULATION OF FLUCTUATION STRUCTURE 95
4.1.5. RESOLUTION DAMPING 96
4.1.6. CROSS CORRELATION 98
4.1.7. PROBABILITY DISTRIBUTION OF THE CROSS SECTION 98
4.1.8. DISCUSSION OF THE DATA 100
4.1.9. ANGULAR DISTRIBUTIONS 106
4.1.10. CALCULATIONS OF THE CROSS SECTIONS 134
, CHAPTER 5
5.1.1. INTRODUCTION 160
5.1.2. EXCITATION FUNCTIONS AND MEAN LEVEL WIDTHS 160
5.1.3. ANGULAR DISTRIBUTIONS 161
5.1.4. CALCULATIONS OF El AND E2 CROSS SECTIONS 168
APPENDIX A 175
APPENDIX B 178
REFERENCES 181
CHAPTER 1
The 12C(13C,12C) 13C Reaction
1.1.1. Introduction
The first chapter of this thesis is devoted to the 12C 3C ,12C)13C 
transfer reaction at 12 MeV LAB energy. Motivation for this experiment was 
initially provided by D. Branford at the suggestion of P.J.A. Buttle (Bu
✓
73). The latter performed calculations demonstrating that the elastic transfer 
of a neutron from 13C to 12C should manifest itself in observable perturbation 
of the Rutherford differential cross section.
1.1.2. The collision of carbon nuclei
The theoretical advantage of small, as against large, C.M* energies 
relative to the Coulomb barrier is the exclusion of coordinate space des­
cribing nuclear interiors by the dominant Coulomb repulsion. For example, 
consider the case of two carbon nuclei approaching each other with a relative 
energy of 6 MeV. In an idealised classical picture, each nucleus behaves as 
a uniformly charged rigid sphere. Their minimum separation is given by:
d = Z2e2/Ecm --- 1.1.
1a
which is 8.64 fm. If the nuclear radius is taken as R = r0A 6, then for a 
value of the radius parameter r0 = 1.44 fm., R = 3.3 fm. In this idealised 
situation, the surfaces of the two ions would be separated by 2 fm. at their 
minimum separation.
Following the success of the optical model in interpreting p,n,a,t 
and d scattering, it was subsequently applied to heavy ion scattering. The 
idea of a heavy ion moving through the complex potential of the optical model 
is less satisfactory than in the case of nucleons. However, at sub-Coulomb 
barrier energies, little overlap of the ions is expected, and knowledge of 
interior potentials is largely circumvented. This is expected to be true in 
the present case where only the tails of the nuclear wave functions will 
overlap. It is only the surface region of the potential which will influence 
the interaction.
By transforming spatial coordinates, two body collisions may be 
reduced to a single ’quasi* particle which is moving in the intemuclear 
potential. The wave function of this particle satisfies a Schrödinger 
equation involving the intemuclear coordinates and potential. This wave 
function can be written as a linear combination of radial and angular
* Centre of mass
Fig. 1.1. Reflection coefficients n£ calculated for 12C on 12C at
ECm = 6 MeV. The parameters of the nuclear potential are
V0 = 100 r0 =1.19 aQ =0.48
W = 2.7 rQ  ^ = 1.26 aQ -L = 0.26
(Units are in MeV, fm)
n£ = exp(-2 Im(<5£) )
(Note the offset ordinate).
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functions,
nR) = J oC£u£(R)P£(cos0)/R --- 1.2.
are constants, R is the intemuclear coordinate, and P^(cos0) an order 
Legendre Polynomial. u^(R) satisfies the radial wave equation:
u'^ (R) - C«.(£+l)/R2)uJl(R) + k2Uj,CR) = 0 ---  1.3.
where k2 = 2y(E-V)/ft , y is the reduced mass of the collision partners, and 
V the potential.
At low energies (Ecm < Coulomb barrier), the partial waves u^(R) 
are strongly reflected by the potential barrier. In Fig.1.1, reflection 
coefficients for the scattering of 12C on 12C at 6 MeV C.M. energy are shown. 
These were calculated using a Woods-Saxon complex nuclear potential:
VN = - V ^ 1 + e^PCCR-R0)/a0)) " iW/(l+exp((R-Ri)/ai))--- 1.4.
The first term is a parametric form of the real part of the potential, and the 
second term is that for the imaginary part. The particular parameter values 
were those for the scattering of 10B on 12C at E = 18 MeV taken from 
Voos et. al. (Vo 69) .
25 ang.momentum
VfcTcfc 6 MeV C.M.Reflection coefficients.
3.
It is apparent from Fig.1.1 that only the first few l values 
penetrate the potential barrier. This evidence supports quantitatively the 
qualitative arguments made earlier about the small overlap of nuclear wave 
functions.
1.1.3. The Interference phenomenon
Fig.1.2. Indistinguishability of elastic transfer 
and elastic scattering. In (a), 13C is 
elastically scattered into the detector 
D. In (b) , 13C transfers its neutron 
to the 12C target, and 13C is again 
detected with identical kinematics.
In Fig.1.2, the indistinguishability of elastic scattering and 
neutron transfer are illustrated. Since both processes are coherent, 
interference between them is expected giving rise to constructive and des­
tructive components to the elastic scattering differential cross section.
The origin of the interference pattern in the cross section may be 
understood using semi-classical arguments, in particular, the association of 
well defined orbits with the particles. In the state where there is no 
relative motion of the cores, the time dependent wave function of the neutron 
is given by (eg. von Oe 70)
$(t) = <(> cos (J(R) t/h) + i<J>. sin(J(R)t/fi)---- 1.5.a D
where <j>a and ^  represent a neutron bound to a 12C core to make the I3C ground
Fig.1.3. A comparison of 12C(13C,i2C)13C elastic scattering 
with and without an exchange interaction. Optical 
model parameters are those of Fig.1.1.
4 .
s t a t e .  J(R) i s  th e  exchange energy  which w i l l  be d i s c u s s e d  l a t e r ,  ( S e c t . 5) 
i t  i s  a fu n c t io n  o f  th e  i n t e r c o r e  s e p a r a t io n  R. A re s o n a n t  t r a n s f e r  tim e 
i s  g iven  by:
t r e s  = 1r f tC 2J(R )) '1 -------  1 .6 .
I f  th e  io n s  move a long w e l l  d e f in e d  t r a j e c t o r i e s ,  th e n  a c o l l i s i o n  tim e may 
be d e f in e d .  This has th e  form
A o n  ■ a ^ /v  —  : -7 -
/
where a(0) i s  a c h a r a c t e r i s t i c  le n g th  which depends on th e  ang le  o f  s c a t t e r i n g  
0, and V i s  a c h a r a c t e r i s t i c  v e l o c i t y .  The re so n an ce  exchange p ro c e s s  w i l l  be 
most s t r o n g ly  e x c i t e d  i f  th e  c o l l i s i o n  tim e i s  an i n t e g r a l  m u l t ip l e  o f  th e  
t r a n s f e r  t im e ,  i . e .
c o l l r e s 1 2  3
C o n s tru c t iv e  o r  d e s t r u c t i v e  i n t e r f e r e n c e  w i l l  depend on th e  v a lu e  o f  n .
In F i g . 1 .3 ,  c a l c u l a t i o n s  a re  shown g r a p h i c a l l y  f o r  th e  13C (13C ,12C) 
13C r e a c t i o n  a t  12 MeV. LAB. ene rgy .  The smooth curve i s  from an o p t i c a l  
model c a l c u l a t i o n .  When an exchange p o t e n t i a l  i s  added c o h e re n t ly  to  th e  
o p t i c a l  p o t e n t i a l ,  o s c i l l a t i o n s  a re  in t ro d u c e d  i n t o  th e  c ro s s  s e c t i o n .
Opticol  model  colculot ion with ond without on e x c ha ng e  potentiol
with exchange
jC.M. angle
optical  calculation
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The exchange p o t e n t i a l  has  been c a l c u l a t e d  u s in g  th e  L in ea r  Combination o f  
N u c lea r  O rb i ta ls  method (L.C.N .O.) which w i l l  be d e s c r ib e d  in  s e c t io n  5.
1 . 1 .4 .  D e te rm in a t io n  of S p e c t ro s c o p ic  F ac to rs  by th e  L in ea r  Combination 
o f  N u c lea r  O r b i t a l s  method.
A nalyses o f  I I . I .  t r a n s f e r  r e a c t i o n s  have g e n e r a l ly  been made u s in g  
one o f  t h r e e  m ethods, v i z :
( i )  The coupled  channel Bom approx im ation  (C.C.B.A.) .
e . g . ( I m  74 ) .  '
( i i )  The D.W.B.A. (Bu 6 6 ) .  T h is  was adap ted  f o r  I I . I .  p ro c e s s e s  by 
Trautman and A lder (A1 72) f o r  th e  case  where Coulomb 
s c a t t e r i n g  i s  dom inant.
( i i i )  The L in ea r  Combination o f  N u c lea r  O rb i ta ls  method (L .C .N .O .) .
This  method has been p io n e e re d  in  th e  l a s t  t e n  y e a rs  o r  so 
p r i n c i p a l l y  by W. von O ertzen  (von Oe 7 0 ) ,  H.G. Bohlen and 
W. von O ertzen  (Bo 7 1 ) ,  K.D. H i ld e n b ra n d ,  R. Bock, H.G. Bohlen, 
P. Braun-Munz in g e r ,  D. F ic k ,  C.K. Gelbke, W. von O ertzen  and 
IV. Weiss (Hi 72) and o th e r s .  For exam ple, Becker e s p e c i a l l y  
(Be 7 4 ) ,  and a r e c e n t  rev iew  p ap e r  (von Oe 75) w ith  th e  
r e f e r e n c e s  t h e r e i n .
S in g le  nuc leon  t r a n s f e r  r e a c t i o n s  have been i n v e s t i g a t e d  f o r  
28S i , 29S i  (Hi 7 2 ) ,  160 , 170 (Ge 7 3 ) ,  13C ,12C (Bo 7 1 ) ,  13C ,14C (van Oe 75) 
as w e ll  as p ro to n  t r a n s f e r  r e a c t i o n s  such as 5N, 18Cj),(19F , 18o) (von Oe 75).
A ll th e s e  examples have been a n a ly se d  in  term s o f  nuc leon  o r  nuc leon  h o le  
exchange u s in g  th e  L.C.N.O. method. At e n e rg ie s  where th e  number o f  r e a c t io n  
channe ls  i s  l im i t e d  to  e s s e n t i a l l y  e l a s t i c  s c a t t e r i n g  and e l a s t i c  t r a n s f e r ,  
good f i t s  to  th e  d a t a  have been o b ta in e d .
In F i g . 1 . 4 . ,  th e  d a t a  and f i t  o b ta in e d  by Bohlen and von O ertzen  
(Bo 71) f o r  th e  13C (12C ,13C)12C r e a c t i o n  a re  shown. 13C was bombarded w ith  
12C a t  15 and 19 MeV. LAB. energy-, and th e  f i t s  a re  g e n e ra te d  by method ( i i i ) .  
In th e  lower p a r t  o f  F i g . 1 .4 ,  d a t a  f o r  th e  28S i ( 29S i , 28S i ) 29Si r e a c t i o n  a re  
shown. These d a ta  were m easured by H ildenb rand  e t . a l .  (Hi 72) and again  
method ( i i i )  was used  in  f i t t i n g .  From th e s e  a n a ly s e s ,  reduced  n e u t ro n  
w id ths  f o r  13C and 29S i have been o b ta in e d .
12C(13C,12C)13C
0.001
120 150
Fig.1.4. In the upper part of the figure are the 
data for ^2C(^3C,12C)13C at 15 and 19 
MeV [upper set, lower set respectively). 
In the lower part of the figure, the 
28Si(29Si,28Si)28Si data at 65 and 70 
MeV LAB. energy are shown (upper and 
lower set respectively).
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In Table  1 .1 ,  v a lu e s  o f  th e  s p e c t ro s c o p ic  f a c t o r s  o b ta in e d  
by method ( i i i )  a re  compared w ith  v a lu e s  o b ta in e d  from (d ,p )  work and 
t h e o r e t i c a l  v a lu e s .
N uc lide ( i i i ) (d ,p ) Theory
13C 0.81
0.59±0.12*
0.58 0.613
29S i 0.43 0.53 0.5
T able  1 .1 .
R efe rences  f o r  t a b l e  1 .1 .
13C 29Si
Method ( i i i ) (von Oe 75) (Hi 72)
* (p r e s e n t  experim en t)
(d ,p ) (Mi 72) (Me. 71a)
Theory (Co 67) (Hi 72)
E xperim en ta l Method
Beam, t a r g e t , t a r g e t  chamber, sp e c tro m e te r and m o n ito rs
Thin Carbon 12 t a r g e t s  can be e a s i l y  f a b r i c a t e d ,  and s in c e  13C 
beams a re  r e a d i l y  a v a i l a b l e  from th e  A.N.U. tandem Van de G raa ff  g e n e r a to r ,  
a t h i n  (15yg cm-2 ) 12C t a r g e t  was bombarded w ith  a 13C beam. T his  was in  
charge s t a t e  3+ w ith  an a n a ly se d  energy  o f  12 MeV.
A f te r  m agne tic  a n a l y s i s ,  th e  beam was d i r e c t e d  to  th e  a p p r o p r ia t e  
l i n e  by a t h r e e  way sw itc h in g  magnet. I t  was th e n  fo cu ssed  by a quadrupole  
d o u b le t  le n s  t o  p a s s  th ro u g h  a 1mm x 5mm r e c t a n g u l a r  c o l l im a to r  about 30 cm. 
from th e  t a r g e t .  R eac tion  p ro d u c ts  were d e te c te d  by th e  A.N.U. 61 cm. double 
fo cu s s in g  s p e c t ro m e te r  which i s  d e s c r ib e d  in  d e t a i l  e lsew here  ( e .g .  E l 68,
Pa 74).  A c y l i n d r i c a l  t a r g e t  chamber was coupled to  th e  s p e c tro m e te r  e n t ra n c e  
v i a  a s l i d i n g  band which a llow ed r o t a t i o n  and m a in ta in en ce  o f  vacuum i n t e g r i t y .  
R eac tion  p ro d u c ts  cou ld  be observed  a t  ang les  between zero  and 150° to  th e  
beam d i r e c t i o n  by r o t a t i n g  th e  s p e c tro m e te r .  The s l i d i n g  band chamber i s  
d e s c r ib e d  by P a rk in so n  (Pa 74) and was c o n s t ru c te d  from a drawing s u p p l ie d  
by th e  C a l i f o r n i a  I n s t i t u t e  o f  Technology.
The chamber was n o t  l a rg e  enough to  c o n ta in  a p r o p e r ly  su p p re sse d  
Faraday cup. In any c a s e ,  a b s o lu te  beam i n t e g r a t i o n  i s  always d i f f i c u l t
Fig.2.1. The apparatus is held rigidly in the target chamber. 
The target position is in the middle of the box 
structure and the beam axis is defined by holes in 
the front and back plates.
The three surface barrier detectors are at 35° to the 
beam axis and subtend a solid angle of 0.2 msr. at 
the target. A Faraday cup can be inserted in the 
large hole in the front plate, the coiled up wire 
carries the current to a feed through in the chamber. 
Scattered particles pass through the slot on the right 
hand side of the front plate into the spectrometer 
entrance.
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when u s in g  heavy io n s  because  o f  th e  number o f  charge  s t a t e s  in v o lv e d .  For 
t h i s  r e a s o n ,  th e  beam i n t e n s i t y  was measured i n d i r e c t l y  from th e  y i e ld  o f  
e l a s t i c a l l y  s c a t t e r e d  p a r t i c l e s .  Three s u r f a c e  b a r r i e r  d e t e c t o r s  were 
mounted sy m m e tr ica lly  abou t th e  beam a x is  and a t  35° to  i t .  In F i g . 2 .1 ,  th e  
s p e c ia l  ap p a ra tu s  c o n s t ru c te d  to  do t h i s  i s  shown. I f  th e  beam moves in  a 
v e r t i c a l  p la n e ,  then  th e  d e c re a se  in  y i e l d  in  one m on ito r  should  be compen­
s a te d  by an in c r e a s e  in  y i e l d  in  th e  o p p o s i te  m o n i to r .  This  i s  assuming 
t h a t  th e  c ro s s  s e c t i o n  a t  35° does n o t  change too  n o n - l i n e a r l y  w ith  ang le  
which i s  t r u e  over a sm all  a n g u la r  i n t e r v a l  f o r  R u th e r fo rd  s c a t t e r i n g .
9.
Unfortunately it was not possible to mount a corresponding monitor opposite 
to the one in the horizontal plane. From the geometry of the beam line, it 
is possible for the beam to move across the target by ± 1mm.
This would cause a corresponding change in the yield of the side 
monitor by ±3%*. However, the overall error is much less than this because the 
monitor yields are summed and the 3% error is buffered by the total yield. 
Nevertheless, it is desirable to obtain a number of independent estimates for 
each datum to verify that only a statistical error is present.
/
The yield in each monitor for an integrated number of beam particles 
I is given by:
Ym - Atno I(da/dft) 6ft 2.1.m v ' ■'m m --
where A is a constant which depends on the charge state of the incident beam
and on the particular units used. ti2 is the thickness of the carbon target.C
(do/dft)m is the differential cross section at 35° LAB., and 6ft^  the solid angle 
subtended by each monitor at the target (0.2 msr).
The yield in the spectrometer for charge state j is given by:
Ys (0) - c .At!2 I(da/dft)6fts ---- 2.2.
1 C
where ej is the equilibrium charge state fraction of the j'th charge state and
6fts the solid angle subtended by the spectrometer. Eliminating At12 I fromC
equation 2.2 using equation 2.1 gives:
Ys(0) - £jYm (da/dft)6fts((da/dft)m6ftm)
= Constant x Ym (da/dft)6fts --  2.3.
where the Constant = ((da/dft)m6ftm) 1. Consequently, by using the yield from 
the monitor detectors, the term It12r is eliminated in calculating the 
experimental cross section from equation 2.3. If the solid angle of the 
spectrometer is kept constant for all measurements, then:
* The relative error in the sum of the three monitors, ^N, is given by
^nil + n2 + n3 + 0.032n32 .
3
where N =^2^^
For example, a realistic case is ni = n 2 = n 3 = 3000. Then 
e/N = ±1.45%
The statistical error is l/v'I'T = 1.05%.
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da/dft = C onstan t x -Ys (0) (ej Ym( 6 ) ) 1 ----  2 .4 .
where C onstan t = (do/dfi)m6ßin/6fis
This  c o n s ta n t  may be o b ta in e d  by m easuring  th e  c ro s s  s e c t io n  where 
R u th e r fo rd  s c a t t e r i n g  i s  v a l i d ,  namely a t  sm all  fo rw ard  a n g le s .  By e l im in a t in g  
t 12£ as in  e q u a t io n  2 .3 ,  i t  i s  n o t  n e c e s s a ry  to  a l low  f o r  in c r e a s e  in  t a r g e t  
th i c k n e s s  d u r in g  bombardment.
1 . 2 .2 .  Charge S t a t e  F r a c t io n s
Ions emerging from a s to p p in g  medium may be d iv id e d  in to  two ty p e s  
depending  on t h e i r  h i s t o r y .  The f i r s t  k ind  a r e  observed  a t  e s s e n t i a l l y  zero  
d e g re e s  and have an a n g u la r  d i s t r i b u t i o n  which r e f l e c t s  a s t a t i s t i c a l  accum­
u l a t i o n  o f  sm all ang le  s c a t t e r i n g  ev en ts  w ith  atoms. The second type  a r i s e s  
from c lo s e  c o l l i s i o n s  w ith  n u c l e i  and emerge a t  r e l a t i v e l y  la rg e  a n g le s .
For th e  f i r s t  c l a s s  o f  io n ,  th e  p r o b a b i l i t y  o f  e l e c t r o n  t r a n s f e r  i s  
a f u n c t io n  o f  V/Ve', where V i s  th e  io n  v e l o c i t y ,  and Ve an o r b i t a l  e l e c t r o n  
v e l o c i t y .  (U su a lly  in  u n i t s  o f  e2/ h - 2 . 108cm .s“ 1, th e  Bohr o r b i t a l  v e l o c i t y  o f  
th e  hydrogen e l e c t r o n  in  i t s  ground s t a t e ) . I f  V>>Ve , a bound e l e c t r o n  may 
be t r e a t e d  as be ing  e s s e n t i a l l y  f r e e .  The minimum energy  t r a n s f e r  i s  0.5meVe2 , 
and th e  maximum 4meE/M, where me and M a re  th e  masses o f  th e  e l e c t r o n  and H .I .  
r e s p e c t i v e l y  and E i s  t h e  ion energy .  On t h i s  b a s i s ,  th e  c ro s s  s e c t io n  f o r  
e l e c t r o n  lo s s  i s  p r o p o r t i o n a l  t o  (V/Ve) n where n i s  i n t e g r a l  of th e  o rd e r  of 
3 (Be 72).  On th e  o th e r  hand, th e  e l e c t r o n  c a p tu re  c ro s s  s e c t io n  i s  p ro p o r ­
t i o n a l  to  (Ve /V)n (Ma 7 1 ) .
This  p r o c e s s ,  where th e  ion  emerges a t  a sm all fo rw ard  ang le  i s  
e s s e n t i a l l y  p e r i p h e r a l  i n s o f a r  as atom ic  c o l l i s i o n s  a re  o f  th e  sc reened  
Coulomb ty p e .  However, in  l a rg e  ang le  c o l l i s i o n s ,  th e  o v e r la p  o f  p r o j e c t i l e  
and t a r g e t  atom i s  l a r g e .  Large rea rran g e m en ts  o f  th e  e l e c t r o n s  may occur 
so t h a t  th e  emergent io n  has a d i f f e r e n t  e l e c t r o n i c  c o n f ig u r a t io n  than  in  
th e  sm all an g le  c a se .
E q u i l ib r iu m  ch arge  s t a t e  f r a c t i o n s  sometimes depend on th e  method 
in  which th e y  were measured, i . e .  from forw ard  s c a t t e r i n g  o r  l a rg e  ang le  
s c a t t e r i n g  p r o c e s s e s .  In th e  p r e s e n t  e x p e r im en t ,  th e  d e t e c te d  io n s  r e s u l t  
from la rg e  ang le  c o l l i s i o n s  and so i t  i s  im p o r ta n t  to  use  e q u i l ib r iu m  charge 
s t a t e  f r a c t i o n s  which a r e  p e r t i n e n t  to  t h i s .  E q u i l ib r iu m  charge s t a t e  f r a c t i o n s  
have been measured in  t h e  l a b o r a to r y  by P ark in son  (Pa 7 4 ) .  These d a ta  were 
o b ta in e d  from backward an g le  s c a t t e r i n g .  They were in c o rp o ra te d  in  a computer 
program which l i s t e d  th e  C .S .F . (cha rge  s t a t e  f r a c t i o n )  as a fu n c t io n  o f  ang le  
o f  th e  s c a t t e r e d  p a r t i c l e .
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In  F i g . 2 .2 ,  th e  v a lu e s  f o r  th e  4+ and 5+ s t a t e s  a re  shown as a 
f u n c t io n  o f  v e l o c i t y  squared  (MeV/A).
1-2 MeV/A
F i g . 2 ,2 .  E q u i l ib r iu m  charge  s t a t e  f r a c t i o n s
1 .2 .3 .  D e te c t io n  o f  r e a c t i o n  p ro d u c ts
The advan tage  o f  u s in g  a m agne tic  sp e c tro m e te r  f o r  t h i s  experim ent 
i s  d em onstra ted  in  F i g . 2 .3 .  At sm all  fo rw ard  a n g le s ,  th e  e n e rg ie s  o f  13C 
and 12C r e c o i l s  a re  v e ry  s i m i l a r .  However, t h e i r  m ass-energy  p ro d u c ts  
(m E/ej2 , which i s  l a b e l l e d  r i g i d i t y  in  F i g . 2.3) a re  s u f f i c i e n t l y  d i f f e r e n t  
f o r  s e p a r a t io n  by m agne tic  a n a l y s i s .  At l a r g e r  a n g le s ,  th e  r e v e r s e  i s  
t r u e ,  b u t  12C and 13C may be d i s t i n g u i s h e d  by t h e i r  energy s e p a r a t io n .
R eac tion  p ro d u c ts  were d e t e c te d  by an O rtec  p o s i t i o n  s e n s i t i v e  
d e t e c t o r  a t  th e  f o c a l  p la n e  o f  th e  s p e c t ro m e te r .  I t  had a nom inal le n g th  
o f  5 cm. and a w id th  o f  0 .8  cm. As w i l l  be e x p la in e d  l a t e r ,  i t  was 
n e c e s s a ry  to  p la c e  th e  c o u n te r  a t  an ang le  o f  48° to  th e  f o c a l  p la n e  in  
o rd e r  to  in c r e a s e  i t s  e f f e c t i v e  le n g th .  The energy and energy  x p o s i t i o n  
p u ls e s  from th e  d e t e c t o r  were p ro c e s s e d  by th e  e l e c t r o n i c  system shown in  
F i g . 2 .4 .
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1.2.4. Energy spread in the detected particles
In evaluating the feasibility of an experiment, one aspect which 
deserves consideration is the energy spread in the detected particle group. 
This is intimately related to the solid angle subtended by a detector at the 
intersection of the beam axis and target, and also to the properties of the 
target itself. Limiting the energy spread necessarily limits the flux of 
scattered particles. For example, if one were to ask for an energy spread of 
20 keV from a H.I. reaction where the cross section was of the order of mi,cro- 
barns per steradian, this could easily limit the target thickness and 
detector solid angle to prohibitively small values for experimental purposes.
The contribution from the kinematics of the reaction will be 
evaluated followed by effects due to the target.
Kinematic broadening
The energy of scattered particles depends on the angle through 
which they are scattered. To simplify the argument, the projectile and target 
ions will be taken to have equal mass, A = 12. The 8% mass difference of 13C 
and 13C will be neglected. Kinematic spread is dE/d0LAB, and from a vector 
diagram of the collision,
dE/d6lab = ELABsin20LAB --- 2.5.
where the relationship 0cm = 20pAB has been used. Equation 2.5 is maximized 
when 0LAB = 45°, and the energy spread about 45° in a small interval 60BAB as
6Ek (45) = 1260lab MeV 2.6.
All further remarks will refer to scattering at 45° unless otherwise stated.
If the incident energy is 12 MeV, then a particle scattered at 45° will have 
an energy of 6 MeV.
Target thickness effects
A finite target thickness causes a spread in energy for the follow­
ing reasons:-
a) Energy straggling
b) Non-uniformity
c) Multiple scattering
a) and c) have not been so thoroughly investigated for heavy ions as in the 
case of light ions and protons. Nevertheless, estimates will be based on 
existing theories and supported by experimental evidence wherever possible.
15.
Multiple scattering in target
In passing through the carbon foil, carbon ions undergo collisions 
with electrons and elastic screened collisions with nuclei. The relatively 
light electrons take up energy without significantly altering the trajectory 
of the massive carbon ion.
However, in a nuclear collision a large angular deflection may 
result. The emergent ion reflects its history in the foil as a statistical 
accumulation of nuclear collisions. If a(0) is the differential cross section 
for scattering, then if a number of small angle collisions occur in a foil, a 
mean square angle of the emergent ion may be calculated from:
<02> = r^a (0)02dft/£cr(0)dft _ —  2.7.
In order to make a quantitative estimate of this effect, the Thomas-Fermi 
model of the atom is used in deriving a(0)• The electrostatic potential of 
the atom can be approximated by:
V(r) = -^1|-2— - -exp (-r/a) --- 2.8.
\
where and Z2 are the atomic numbers of the projectile and target 
respectively, and e is the electronic charge. The screening radius a is 
given by (Li 63):
, 2h %  V2a = 0.885a0/(Zi + Z2 ) ■ 2.9.
with aQ = 0.529 10 8cm.
For small angle collisions, cr(0) is given by
a(e) = 4d2/(e2+e2in)2 —  2.10
where d = ZiZ2e2/2Ecm
0min is the angle below which classical Rutherford scattering becomes 
invalid.
Unlike Rutherford scattering, equation 2.10 gives more realistic 
results in the limit of zero energy or 0 = 0
it
E+0
it
0->O
a(0) = 0
a(0) = 0.25r04/d2
2.11
Although a(0) has an identical form whether it is derived from classical or 
quantum mechanics, the total cross section depends on whether classical or 
quantum mechanical results are used. Validity of the classical treatment
16.
may be judged by the value of the B o m  parameter:
a = Z 1Z2(1373)"1 
where 3 = v/c
In the present case (carbon on carbon at E ^ g  = 12 MeV) a - 6 which implies 
that classical techniques may be used. In this case, the value of 0m^n is 
determined by:
(0)dfi = 7rr02 —  2.12
where rg is the geometric radius of a scattering centre. If the target 
consists of N hard spheres of radius rg per unit volume, then rg = 0.5N ^ .
From equation 2.10,
/a(0)dn = 47rd2/0min2 2.13
which with equation 2.12 gives
Q^min = 4d2/rg2   2.14
For the particular case of interest,
9min - 0.8°
Meyer (Me 71) has developed a classical theory for heavy ion multiple scatter­
ing using the Thomas-Fermi potential. He found that the angular distribution 
of multiple scattered ions was very similar to a Gaussian distribution.
The F.W.H.M. is given by:
= 4da_1{gi (t) + (a/r0)2g z M  ) --- 2.15
where x = ira2Nt, t being the target thickness. Numerical tabulations of g^ 
and g2 are given in Meyer's paper. Hooton et al. (Ho 74) have compared the 
values of <|>y with experimental values for 0, C£ and Fe incident on thin 
(<100yg.cm-2) C, A£ and Ni foils. They found good agreement between theory 
and experiment. For C ions incident on a 15yg.cm-2C foil, the values of 
are:
-©- Nt“
1 11 0.048° Elab = 12 MeV
% = 0.096° eLAB = 6 MeV
There is a non-negligible probability of ions being scattered up to ±<|>}£, 
i.e., one F.W.H.M. deviation away from the mean.
2Tr( J P(0)d0//P(0)d0 = 98%, where P(0) is the probability of scattering at 0) .
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The contribution to the energy spread will therefore be:
MS6E110 = CdE/deLAB)2<J>y2
= 40 keV (0LAB = 45°)
2.16.
Energy loss and straggling
According to the calculations of Lindhard et.al. (Li 63) the ratio 
of electronic stopping to nuclear stopping is much greater than unity for the 
case of interest. Stopping powers are given in terms of dimensionless 
quantities, '
e = aA2(ZiZ2e2(Ai+A2)) E^ 
p = (47ra2AiA2/(A1+A2 ) 2)Nt
Vo 2v VoThe electronic stopping power is given by k£ , where.k = 0.133 A for
Zi = Z2 , Aj = A2 . However, where experimental data are available, for example, 
the semi empirical tables of Northcliffe and Schilling (No 70) these numbers 
are to be prefered. According to Blaugrund (Bl 66), the atomic stopping power 
is given by:
Consequently, de
(de/dp)^ = (0.5e)_1{0.3 + Jin [ (0.6+e2)/e] } ---
12 MeV on carbon.
2.17.
- 180 for carbon ions at ELAB
The value of (dE/dx)e has been taken from the tables of Northcliffe and 
Schilling and converted to (de/dp)e using their reference 32*. At very low 
energies, atomic stopping becomes important and dominates in the kilovolt 
energy region.
Energy straggling
Energy straggling of an ion passing through a stopping medium arises 
from statistical variation in the number of collisions and variation in energy 
transfer at each collision. When n, the mean number becomes greater than 
about ten, the distribution of collision probability becomes symmetric about 
n. An estimate of n is given by the parameter x which is the ratio of the 
mean energy loss to the maximum energy transfer to a free electron.
x = £/emax --  2.18.
where 6 = (27relfZi2Z2/mv2) (p Agt/Ai)
j 4mME
and emax ~ (m+M)2
m is the electron mass, p the mass density of the target, and A q Avogadros 
number. In this case:
de/dp = 0.196 A2(A!+A2) (Z1/3+Z2/^ )/2( Z1Z2A 1 ) '^E/dx*
18.
%ax ~ 4niE/M ' —  2-19-
which is the classical maximum energy transfer to a free electron. In the 
case of interest, x ^ 20.
From classical considerations, N. Bohr (Bo 15) derived an equation 
for stopping power.
dE/dx = (47TZ^ 2Z2el+/mv2) (pAg/A^)5-n Bc -- 2.20.
where Bc = 1.123 mv3 (Z2e2<io>) _1
<o)> is an average over the frequencies of the atomic electrons. It is tempt­
ing to identify ii<o)> with the mean ionisation potential. Taking a value for 
this quantity from Evans (Ev 55), for a 15 yg cm“2carbon target, the energy 
loss from equation 2.20 is about 186 keV. This compares with about 110 keV 
from the tables of Northcliffe and Schilling. The variance of the energy 
loss is given by Bohr as:
a2 = 47Te4Z12Z2(pA0t/A2) --- 2.21.
This gives a value a v 10 keV, or F.W.H.M. of the distribution as 24 keV. 
Recently, J. Barrette et.al. (Ba 75) have measured a2 for 12C, 14N, 160 and 
32S in A/CII4 mixture. They found aexp - 1.6a (Bohr).
Uniformity of target
By moving a target whose diameter was large compared to the beam 
spot size over the beam spot, the effect of non-uniformity could be observed. 
The dispersion of the magnetic spectrometer is defined by:
D = <5y2E(R6E)_1 --- 2.22.
where the y plane is normal to the mean ray at the focal plane, and R is the 
radius of curvature of the mean ray. The relevant values are (El 68):
D = 3.38 
R = 61 cm.
The position resolution of the Ortec P.S.D. is about 2mm, which, projected from 
the focal plane onto the y axis, is 1.3mm. (The focal plane makes an angle 
of 48° with the y axis). Using equation 2.22, 6E/E = 0.0013. Consequently, 
a change in target thickness of roughly 10% at 6 MeV should produce an 
observable movement in position. Since no such movement occurred when 
bombarding different parts of the target, the target non-uniformity is no 
worse than ±10%.
One further contribution remains, this is additional to the 
kinematic broadening and is due to the target spot size. The beam defining
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c o l l im a to r  30cm from th e  t a r g e t  is-1mm x 5mm. The e n t ra n c e  to  th e  s p e c t r o ­
m eter  i s  36cm away from th e  t a r g e t ,  and so th e  k in e m a tic  c o n t r i b u t i o n  i s  
12 x 0.0029 = 34 keV.
T o ta l  energy sp read
Summarising p re v io u s  c o n s id e r a t io n s ,  th e  c o n t r i b u t i o n s  to  th e  t o t a l
energy  sp read  a re :
1) K inem atic  b roaden ing
2) M u lt ip le  s c a t t e r i n g
3) S t r a g g l in g
4) N on-un ifo rm ity
5) T a rg e t  sp o t  e f f e c t
SEK = 1260 lab 
6eMS ~ 4o keV 
5ES * 24 keV 
6EU £ 23 keV 
6ETS -  34 keV
2, 3 and 4 a l l  have ap p ro x im ate ly  G aussian d i s t r i b u t i o n s ,  so th e s e  may be 
added in  q u a d ra tu re .  The t o t a l  energy  sp read  i s  th en :
6E = 1260lab + -034 + / (6 E MS )2+( 6ES)2+ ( 6EU)2 2 .2 3 .
From e q u a t io n  2.22
3.38 4cos48° 2 .6  
61(1260 lab+0 •086)
2 .2 4 .
Mere th e  le n g th  o f  th e  d e t e c t o r  has been taken  as 4cm in  o rd e r  to  ensure  t h a t  
th e  group was w e ll  on th e  c o u n te r .  From eq u a t io n  2 .2 4 ,  th e  v a lu e  o f  60lab> 
which s a t i s f i e s  th e  co n d it io n s ,  l i s t e d  p r e v io u s ly ,  can be o b ta in e d .  This 
tu r n s  ou t as
<59LAB " 0 .33°
The outcome o f  th e s e  c o n s id e r a t io n s  i s  t h a t  a t  9EAB = 45°, The e l a s t i c a l l y  
s c a t t e r e d  carbon group w i l l  be co m p le te ly  i n t e r s e c t e d  by th e  P .S .D . i f  
th e  h o r i z o n t a l  s l i t s  of th e  s p e c t ro m e te r  a re  s e t  a t  app rox im ate ly  ± 0 .1 5 ° .  
This i s  f o r  a 15 yg cm-2 t a r g e t .  These p a ra m e te rs  g iv e  a s a t i s f a c t o r y  count 
r a t e  when beam i n t e n s i t y  i s  ta k e n  i n t o  c o n s id e r a t io n .  For example, w ith  
^300na. o f  3+ 13C s t r i k i n g  th e  t a r g e t ,  th e  count r a t e  in  th e  s p e c tro m e te r  
would be about 6 s -1 w ith  th e  fo l lo w in g  a p e r tu r e  s e t t i n g s .
V e r t i c a l  s l i t s  ±2° 
H o r iz o n ta l  s l i t s  ±0.15°
These v a lu e s  make 65!s -  0 .5m sr.
However, when th e  experim en t was perfo rm ed , i t  was found t h a t  about 
10% o f  th e  p a r t i c l e  group was o f f  th e  co u n te r  w ith  th e  above p a ra m e te rs .  Upon 
exam ination  o f  th e  m o n i to r  s p e c t r a ,  i t  was n o t i c e d  t h a t  a low energy  t a i l  was
Fig.2.5. Vector diagram of 13C, 12C kinematics. As the 12C LAB 
angle decreases, the 13C LAB. angle increases up to 
0MAX = 67° LAB. By observing 12C recoils forward of 
44° LAB, the 13C range 44° - 67° LAB. was covered. V^m 
is the velocity of the c.m. S-^Cis the scattering 
angle of 32C in the c.m. systeni™ and 0 ^ ^  and 
the appropriate LAB. angles. ^ ^
are
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present. This was ascribed to small angle scattering from the defining 
collimator. The problem was overcome by modifying the focal plane of the 
spectrometer so that the P.S.D. was held normally to the mean ray. This 
means that its length in the y plane (in which it now lies) is roughly 5cm.
The value of 6E/E is increased from 0.026 to 0.049 and, at OpAB = ^5°,
6E = 291 keV. It was now found that the particle group occupied about 80% 
of the counter, or <5E - 230 keV. The calculated value of 6E, not allowing 
for a low energy tail on the beam, is roughly 200 keV. Therefore the beam 
profile has a low energy tail of about 30 keV. With the counter in its new 
position, the experiment was successfully executed.
1.2.5. Detection of l2C recoils
Instead of detecting 13C at LAB. angles greater than 44° with the 
implicit reduction in energy, it is expedient to detect associated 12C 
recoils. At = 44°, 13C and 12C recoils are scattered at the same angle.
13C angles greater than 44° correspond to the 12C recoil angles less than 44°, 
so by looking at these in the forward direction, the range of 13C angles 44° 
to 67° may be covered. This can be seen from the vector diagram, Fig.2.5.
Fig.2.5.
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F i g . 3 .1 . An example o f  a 13C energy  spectrum  to g e th e r  
w i th  i t s  a s s o c ia t e d  p o s i t i o n  spectrum .
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1.3.1. Signal analysis
Signals from the Ortec P.S.D. and the three monitor detectors 
were processed by the electronic system shown in Fig.2.4. Energy and 
Energy x Position pulses were recorded in event by event mode by an IBM 1800 
computer and stored on a magnetic disc. On line sorting of the data was 
possible and it could quickly be ascertained whether a group was correctly 
positioned on the Ortec P.S.D. for example. Dead time was measured by 
comparing gate enable signals recorded by a scaler with the integrated 
spectrum. This turned out to be less than 0.5%.
The three monitor signals were routed to three subsets of a Nuclear 
Data P.H.A. memory. Dead time was checked in the same way as the P.S.D. dead 
time and found to be negligible.
An example of a P.S.D. position spectrum, together with its assoc­
iated energy spectrum is shown in Fig.3.1. At angles where the rigidities 
of 12C and 13C are not sufficiently different, then both peaks appear in the 
spectra. They were completely resolved in the energy spectrum at all angles. 
No background was present in the region of the peak, so the yield was 
determined by simple summation.
1.3.2. Test of angular scale alignment.
An initial test of the accuracy of the spectrometer was carried out 
by investigating 197AuC13C,13C)197Au elastic*scattering at ELab = 12 MeV- 
It was found that the ratio of the measured cross section to Rutherford was 
not constant with angle. This is shown by Fig.3.2. It can be seen that the 
ratio a(0)/oR (0) deviates strongly from unity at forward angles. However, by 
adding half a degree to each angle and recalculating the ratio, the data fall 
on a straight line within their statistical accuracy. This led to the con­
clusion that the angular scale of the spectrometer was misaligned by 0.5°.
1.3.3. aexp(Q)/qR(9)
The purpose of the experiment was to measure the quantity: 
aexp(0)/aR(0) = Constant x Ys(9)(ej(0)YmC0)^RC0))-1 —  3*1
In actual fact, the yield due to Rutherford scattering is
Yr (0) = £ j Altq 2 qJ' CT^ (0)dfi ---  3.2
where A is the constant of equation 2.2 and the solid angle subtended 
by the spectrometer. Therefore equation 3.1 is replaced with
oexp(0)/<c'R(e)> “ <W 9)4 ^ s 0R(0)Sns 3.3
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By equation 2.3,
aexp(0) = Constant x Ys(6) (e-j (0)Ym)’1 —  3.4
where the constant is now
(da/dß)mößm/öfis --  3.5
At small forward angles, oeXp(0) = oR(0), so that the constant, equation 3.5, 
may be determined by measuring cfeXp(0) at small angles.
A FORTRAN program was written to calculate fxn op(0)dO in equation 
3.3 for any 6fis which might be used in the experiment. Only at small forward 
angles was <oR(0)> significantly different from aR(0).
1.3.4. Evaluation of errors
sources. 
by (p.9)
The error in aeXp (0)/<öp(0)> is compounded from three different 
Firstly, there is the error in the monitor yield Ym . This is given
^m = 1N {N+(0.3n3)2} 3.6k,Secondly, the error in the spectrometer yield Ys which is taken to be Y,s 
The third error is due to uncertainty in the charge state fraction £_. (0) .
This is estimated to be ±1/2%* Adding these three errors in quadrature gives
oexpC0)/<aR(0)> = Constant Ys(e^ Ym<aR(0)>)_1
{l±/i/v +(0.03n3)2/v 2 + l/v +0.00023} — - 3.7Ym Ym Y s
A realistic case (n3 = n3 = n3 = 3000, Ys = 5000) gives an error of ±2^%.
In the actual experiment it was found that 1% statistics could be achieved on 
Ys at all angles, and the statistical error on Ym made negligible.
1.4.1. Experimental results
The data from this experiment are shown in Fig.4.1. The solid 
line is a fit with the parameter S2 (explained in section 5) of 0.702, and 
the broken line with S2 = 0.468. In the upper part of Fig.4.1, the value of 
X2 per degree of freedom is shown as a function of (SN)2.
As seen in Fig.4.1, the minimum value of X2 is about 4 which 
corresponds to an extremely low probability of the data belonging to the 
parent population given by the fitted lines. (The 30% confidence limits for 
X2 are 1.118 and 0.850). Consequently, it is difficult to estimate the 
error on the spectroscopic factor by examining X2 for different fits. The 
error quoted was obtained from the best visual fits to the data which
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corresponded  to  about 5% change from th e  minimum v a lu e  o f  X2 . A la rg e  con­
t r i b u t i o n  to  X2 a r i s e s  from th e  d a ta  in  th e  130° r e g io n ,  b u t  even when X2 i s  
c a l c u l a t e d  w ith o u t  th e s e  ’bad* d a t a ,  th e  minimum v a lu e  o f  X2 i s  s t i l l  o u ts id e  
th e  30% co n f id e n ce  l i m i t s .
From t h i s  i t  may be concluded  t h a t  th e  L.C.N.O. method g iv e s  a 
good s e m i q u a n t i t a t i v e  d e s c r i p t i o n  of th e  experim en t ,  b u t  i t  i s  h a rd  t o  p in  
down S2 w i th  good accu racy .
1 .5 .1 .  The L.C.N.O. th e o ry
In  t h i s  s e c t i o n ,  th e  th e o ry  beh ind  th e  f i t s  shown in  F i g . 4 .1  w i l l  
be developed . The model t o  b e u s e d  i s  shown in  F i g . 5 .1 .
Model of C-  C col li t ion u t e d  in d ev e l opi ng  th e  th e o r y
F i g . 5 .1 .  Cores A and B r e p r e s e n t  i n e r t  12C co res  s e p a ra te d  
by R.. The v a le n c e  n e u t ro n  n moves in  th e  combined 
f i e l d  o f  th e  two c o re s .
There a re  two s t a g e s  in  d ev e lo p in g  th e  th e o ry .  I n i t i a l l y  th e  
s t a t i c  s i t u a t i o n  i s  c o n s id e re d .  Cores A and B a re  a t  f ix e d  s e p a r a t io n  R_, 
w ith  th e  n e u t ro n  n moving in  t h e i r  combined f i e l d s .  The energy  of t h i s  
system i s  c a l c u l a t e d .  The second s ta g e  i s  t o  c o n s id e r  r e l a t i v e  m otion o f  
th e  co res  and th e  in f lu e n c e  o f  th e  exchange p ro c e s s  on th e  s c a t t e r i n g  i s  
e v a lu a te d .
27 .
1 .5 .2 .  C o l l i s i o n a l  a d i a b a t i c i t y '
I f  th e  13C v a le n c e  n e u t ro n  r e c e iv e s  a v i o l e n t  im pulse from th e  f i e l d  
of th e  p a s s in g  12C c o re ,  th e  c o l l i s i o n  w i l l  be d i a b a t i c .  On th e  o th e r  hand, 
i f  th e  c o l l i s i o n  i s  slow compared w ith  th e  o r b i t a l  p e r io d  o f  th e  n e u t ro n ,  
i t  w i l l  make many r e v o lu t io n s  d u r in g  th e  c o l l i s i o n  and a d i a b a t i c i t y  w i l l  
p r e v a i l .  For t h i s  t o  be t r u e ,
t  , , » T  c o l l
where t c o i i  i s  th e  c o l l i s i o n  t im e ,  and t i s  an o r b i t a l  p e r i o d i c  t im e . In 
o rd e r  to  p u t  some numbers i n t o  th e  d i s c u s s io n ,  a s e m i - c l a s s i c a l  d e r iv a t io n  o f  
t w i l l  be made. Taking th e  p n e u t r o n  to  be in  an o r b i t  o f  r a d iu s  r 0A 3 , 
th e  c l a s s i c a l  a n g u la r  momentum can be equated  to  th e  e x p e c ta t io n  v a lu e  o f  t h i s  
q u a n t i t y :
(rnA/3m v ) -  2h2v u n n 5 .1 .
I f  we ta k e  th e  o r b i t a l  p e r io d i c  tim e to  be
U
t = 27TroA J /v 5.2
where vn i s  th e  average v e l o c i t y  o f  th e  n e u t ro n ,  th e n  t M . 1 0 " 22s .
There a re  v a r io u s  ways o f  d e f in in g  a c o l l i s i o n  t im e ,  b u t  in  t h i s  
case  i t  w i l l  be d e f in e d  as th e  tim e d u r in g  which th e  exchange i n t e r a c t i o n  has 
a v a lu e  g r e a t e r  than  Jma x /e ,  where Jmax i s  th e  maximum v a lu e  o f  th e  exchange 
p o t e n t i a l .  (Jmax = J(Rmin))* For 13C on 12C Flab = 12 MeV, th e  c o l l i s i o n  
tim e i s  ap p ro x im a te ly  2 4 .1 0 " 22s .
t  -| i /  t *v 6 c o l l
so th e  a d i a b a t i c  c o n d i t io n  i s  q u i t e  w ell  f u l f i l l e d .  The c o l l i s i o n  p ro c e s s  i s  
r e p r e s e n te d  in  F i g . 5 .2 .
R e tu rn in g  now to  th e  s t a t e d  approach to  th e  problem , th e  energy of 
th e  system  w i l l  be e v a lu a te d  f o r  f ix e d  s e p a r a t io n  o f  th e  c o re s .  The co res  
p la y  a s p e c t a to r  r o l e  in  th e  t r a n s f e r ,  th e y  a re  t r e a t e d  as  i n e r t .  This  i s  
j u s t i f i e d  from th e  energy  s e p a r a t io n  of th e  f i r s t  e x c i te d  s t a t e  in  12C from 
th e  ground s t a t e  (4 .4 3  MeV), s in c e  th e  CM energy  in  th e  c o l l i s i o n  i s  on ly  
5 .76  MeV. ( I t  i s  e s s e n t i a l l y  th e  same c o n d i t io n  as a d i a b a t i c i t y  demands).
At i n f i n i t e  s e p a r a t io n  o f  33C and 32C, th e  wave fu n c t io n  o f  th e  nucleon  i s  
assumed to  be a s in g l e  p a r t i c l e  p y2 s t a t e .  However, a t  s e p a r a t io n s  where 
th e  n e u t ro n  i s  in f lu e n c e d  by th e  f i e l d s  o f  both  c o r e s ,  a m o le c u la r  o r b i t a l  
i s  c o n s t ru c te d  u s in g  u n p e r tu rb e d  s h e l l  model s t a t e s  as a b a s i s .  The p ro b ­
a b i l i t y  o f  th e  r e a c t i o n  p ro c e e d in g  th ro u g h  channe ls  o th e r  than  t r a n s f e r
2 8 .
F i g . 5 .2 .  Core A w ith  a n e u t ro n  in  a bound s t a t e  approaches  co re  B 
(P a r t  a ) .  The two co re s  c o l l i d e ,  and i f  t co ll>> T , th e  
n e u tro n  can make s e v e r a l  o r b i t s  in  th e  combined f i e l d  of 
A and B (P a r t  b ) . F i n a l l y ,  th e  two co re s  s e p a r a t e .  There 
i s  a p r o b a b i l i t y  f o r  th e  n e u tro n  rem ain ing  w ith  e i t h e r  
core  (P a r t  c ) .
between two p o r b i t a l s  i s  s m a l l ,  and th e  o r b i t a l  wave fu n c t io n  i s  w r i t t e n
4 "  - 7 2 ^ ^  * —  5 - 3 -
where th e  I , I I  s u p e r s c r i p t s  r e f e r  to  th e  +ve and -ve s ig n s  r e s p e c t i v e l y .
These a re  th e  f a m i l i a r  g and u s t a t e s  o f  m o lecu la r  th e o ry ,  (Gerade, ungerade) 
<}>a i s  a p i£  wave f u n c t io n  c e n t r e d  on co re  A and s i m i l a r l y  f o r  (j) .^ The 
e n e rg ie s  o f  th e  g and u s t a t e s  a re  d e g e n e ra te  a t  l a rg e  i n t e r c o r e  s e p a r a t io n s ,  
b u t  t h i s  i s  removed f o r  sm all v a lu e s  o f  R. Then th e  energy  s p l i t t i n g  between 
th e  g and u s t a t e s  i s  g iven  by 2J(R) where
J(R) = ^ a (L)Vc n (r)({>b ( r - R ) d 3r  - - -  5 .4 .
w i th  Vcn th e  c o re -n e u t ro n  p o t e n t i a l .  C e r ta in  assum ptions  about th e  in te g ra n d
29.
lead to a simple analytic form for.J(R). A single particle neutron wave 
function may be approximated in its asymptotic region by a spherical hankel 
function. Using an addition theorem (Bu 66) , ^(r-R) may be expanded in 
functions with r as coordinate. (Appendix A). Replacing <J>a and <j>ß with 
spherical hankel functions, and for r  ^ R, the exchange energy becomes
J(R) = ~ t r ~  Eßexp(-aR)/aR —  ‘ 5.5.
where (SN)2 is the reduced width for the separation of the neutron from 13C.
Eß is the separation energy, and a2 = 2mnEß/h2, where is the reduced mass 
of the exchanged neutron C1 3 931 MeV/ 2) • The other approach is to generate
single particle wave functions using a shell model potential and obtain J(R) 
by numerical integration. This has been done (Bo 71) and J(R) can be quite well 
approximated by the analytic form at large separations of the cores (£ 8fm). 
Since the classical minimum separation is 9 fm., the analytic form equation 
5.5 was used in this analysis.
1.5.3. The scattering process
When the scattering process is taken into account, the total wave 
function is:
T(R) /2 * X I ® T m o l  + Xn (R)TM0L} 5.6.
where jjQi) are scattering wave functions which satisfy
[Vr2+ k2 - 2u/f12{Vc+VAB±J(R)}]XI>II(R) = 0 —  5.7.
k2 = 2yE/fi2
Vc is the core-core Coulomb potential, J (R) the exchange potential and y the 
reduced mass of the system. is the core-core nuclear potential. In order
to solve this equation, specific forms for the potentials have to be taken.
The nuclear potential is parameterised with the optical potential. (Eq.1.4.).
The real and imaginary well radii are given by
t •0,1 r .(At 6 +o,i 1 A& 5.8.
where o,i stands for real and imaginary respectively. rQ p are the real and 
imaginary well radii parameters. The parameters used are those for the 
scattering of 12C on 12C given by von Oertzen (von Oe 75). They are
VQ = 17.00 r0 = 1.35 a0 = 0.46
W = 2.60 rt = 1.35 ap = 0.30
(Units are MeV and fm.)
30.
Following the analysis of Voos et.al. CVo 69), the Coulomb radius
Rc is set equal to the radius of the real part of the potential well, R .
The Coulomb potential is taken as
'ZiZ2e2/Rc{1.5 - 0.5(R/RC)2} R £ Rc 
V (R) = ■ --- 5.9.
l1Z1e2/^  R > Rc
The exchange potential has been discussed and the analytic form due to Buttle 
and Goldfarb (Bu 66) is used. (See Appendix A). This expression contains 
Clebch-Gordon coefficients which define the selection rules for the trans­
ferred angular momentum £n.
If £ I < £ < £_ iI l- 2 1 « n $ 1+ 2
I j1-j 2 I * $ j1+j 2
Äl+Ä2+Än ©ven
5.10.
jj and j2 are the total nuclear spins of projectile and core B+n (V2,V2) and 
£^ (i = 1,2) are the orbital angular momenta of the bound neutron (jpy -* Py^> 
£j=£2=1). This gives £n = 0 as the only possible transfer.
If the scattering wave functions Xj(j=I,II) are decomposed into 
products of radial and angular parts:
X-; = F.c u^(R)/R P (cosG) --  5.11.
and substituted into the Schrödinger equation 5.7, the radial wave equation 
emerges, of which u^ is a solution. If the nuclear and exchange potentials 
vanish (V^g=J(R)=0), only the Coulomb potential remains, and the solution of 
equation 5.7 is (Pr 62, for example)
uCOU1(R) = C (F (R) + tan6 G (R)} --- 5.12.
where F^ (R) and G^(R) are the regular and irregular Coulomb wave functions.
The solutions of the radial equation are computed when the nuclear and exchange
potentials are not zero, and then equated to equation 5.12 at asymptotic values
of R. (Asymptotic values of R imply V^g(R) = J(R) = 0). The phase shifts
6*l(j = I,II) are extracted from 
£
tan&l = Ft W uU r+0 - ... 5.13.
uj(R)G (R+e) - ir1 (R+t)G (R)
a / /6 A/
where u^ 1 (R) is obtained with potentials V^g(R) ± J(R) for j = I (+ sign) and 
j = IIC- sign). It is implicit that R has an asymptotic value, and e is an 
increment in R.
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In F i g . 5 .2 ,  c a lc u la t io n s  of the  r e a l  p a r t  of u p(R) are  shown fo r  
the  case where J(R) -  0, and fo r  J  (R) i  0. Both u (.R) (o p t i c a l  model wave 
fu n c tio n )  and u*(R) (exchange wave fu n c tio n )  are  norm alised a t  small 
d i s ta n c e s ,  and the  la rg e r  amplitude of uj^(R) i s  a consequence of an in c reased  
p o t e n t i a l  b a r r i e r ,  V^g(R) + J ( R ) .
with e x c h a n g e  potent ia l
r . = 1.19 
a . « 0  4 8
r; = 1 26
0; = 0  2 6
(SN)2 = 0 . 6
_  co u lo m b  pot ent ia l  
e x c h a n g e  ootentiol
1 75 7 77 PF iI8 TF
p o le n h a f
Rod iol  wove f unc t io ns  with ond without  e x c h o nqe ( L= 0 )
Fig.5.2.
The 12C cores are  c o l l e c t i v e l y  Bosons and, r a th e r  than become involved in 
an tisym m ete risa tion  under in te rch an g e  of any two n u c leons , the  problem i s  
circumvented by asking fo r  even symmetry under core in te rchange  (von 
Oe 71, Bo 71).
Since 72^XI ® YM0L + XII  ^MOL^ 5.14.
and the  p a r t i a l  waves in to  which X^(R) i s  decomposed have symmetry (-1)^
32.
by virtue of the Legendre Polynomials, then the following association of 
X^(R) and Yjjj0L(j = I,II) must occur. (Xj (W = pj(R))-
It is required that T(-R) = ¥(R), so X^(R) must have even symmetry 
in the first term in brackets of equation 5.14, and odd in the second term.
In a self explicit notation, this requires
= 72 {yMOL Steven + ^MOL l 0 d d } ~~~ 5‘15‘
Furthermore, this definite association of £ = even partial waves with T^OL 
and £ = odd with means that
(i) even partial waves are incident on a barrier V^g + J(R).
(ii) odd partial waves are incident on a barrier V^g - J(R).
The reflection coefficients, = exp - 2Im(6^) should therefore be 
larger for £ even than for £ odd, and this was found to be so. In keeping 
with these considerations, the nuclear scattering amplitude splits into two 
parts
fN (0) = -2lk {|even(2i+1)a*Ip£(cos0) + lodd(2)l + 1)a7 h  Ccos0)} —  5-16'
where a^(j=I,II) are scattering matrix elements for potentials V^g ± J(R).
They may be parameterised in terms of nuclear and Coulomb phase shifts:
a ^ 11 = (l-exp2i6j * **)exp2io --  5.17.
A/ A/ A/
where are Coulomb phase shifts given by
£
= Co + arctan(n/s) -- 5.18.
and is the Sommerfeld parameter. The total scattering amplitude is written:
£(9) = fcC0) + fN(e) —  5.19.
where
fc(0) = -ZiZ2e2 (4Ecmcosec2 (0/2))-1><exp{-2in£nsin(0/2) + in-} —  5.20.
Once fc and f^ have been evaluated, the differential cross section 
is simply |f(0)|2.
The computor code RAMOC was written to calculate the exchange cross 
section based on the previous discussion. In Fig.5.3, a schematic flow chart 
displays the basic steps in the calculation. This FORTRAN V program ran on 
the A.N.U. Univac 1108, and a typical run time was five minutes of C.P.U. time.
3 3 .
V arious p a ra m e te r  s e t s  were t r i e d  ( e .g .  f o r  10B on 12C a t  ELAB -  18 MeV,
F i g . 1 . 1 ) .  As ex p ec ted ,  th e  c a l c u l a t i o n  was q u i t e  i n s e n s i t i v e  to  d i f f e r e n t  
s e t s  of p a ra m e te r s .  The s e t  f i n a l l y  u sed  was t h a t  f o r  th e  e l a s t i c  s c a t t e i i n g  
o f  12C on 12C which von O ertzen  has u sed  which en ab le s  a d i r e c t  comparison 
o f  s p e c t r o s c o p ic  f a c t o r s  o b ta in e d  by him and in  t h i s  experim en t (von Oe 75) .  
A f te r  f i x i n g  th e  n u c l e a r  p o t e n t i a l ,  th e  on ly  rem ain ing  p a ram e te r  i s  th e  
reduced  w id th  (SN)2 in  e q u a t io n  5 .5 .  N i s  a n o r m a l i s a t i o n  c o n s ta n t  which
approx im ates  a S p h e r ic a l  Hankel f u n c t io n  to  th e  r a d i a l  bound s t a t e  n eu tro n
/
e ig e n fu n c t io n  a t  a sy m p to t ic  d i s t a n c e s .  T h is  has a v a lu e  o f  0 .8 9 .  The 
e x p e r im e n ta l  d a t a  a re  th en  f i t t e d  by v a ry in g  (SN)2 .
polynomiols
Rodiol wove equat ion 
so lved by me thod  of
Regulor  ond i r regulor
F p r t r o n  P ro g r am RAMQC
F i g . 5 .3 .  Flow c h a r t  of th e  F o r t r a n  program RAMOC.
1 .5 .4 .  C onclusion
The r e s u l t s  o f  th e  experim ent a re  shown in  F i g . 4 .1 .  The d a ta  
a re  q u i t e  w e l l  f i t t e d  over most o f  th e  an g u la r  i n t e r v a l .  However, X 
changes q u i t e  s low ly  w ith  (SN)2 about th e  minimum v a lu e  o f  X2 , so th e  
e r r o r  i s  q u i t e  l a rg e  - 20%. The v a lu e  o f  S2 = 0 .59  ± 0 .12  ag rees  w e ll  w ith
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the theoretical value and that obtained from (d,p) experiments. It dis­
agrees with the work of von Oertzen et.al. who carried out the same experi­
ment at 15 and 19 MeV (Table 1.1).
The reduced neutron width of 13C has been satisfactorily determined 
from analysis of the data. Unfortunately, the error on this number is large 
and this is because the C.M. energy is low. As explained above X2 is a slowly 
varying function of (SN)2 at this energy. A dilemma is apparent in this type 
of experiment. The assumptions of the theory (insensitivity to optical 
parameters, adiabaticity) are better satisfied at low energies (Ecm<<Hcou^), 
but the exchange interaction is so weak that the perturbation is small and 
sensitivity to (SN)2 also small. To reduce the error requires a much greater 
precision in the data, say ±>2% of each datum. It is easy to reduce the 
statistical errors to insignificance, but the error in the measured charge 
state fractions remains. To remeasure these with greater precision would 
involve an unjustifiably large amount of machine time.
In a quest to improve the fit in the 130° region of the present 
experiment, a surface absorption term was added to the original optical 
potential. It is clear that the surface potential is the only relevant region 
of the nuclear interaction. The surface absorption term was
W = -iaiWDdf(r)/dr —  5.21
where f(r) is the normal Woods-Saxon radial function (e.g. equation 1.4). The 
effect of varying Wq was studied, and it was found that for any value of Wq 
the oscillatory structure of the angular distribution was damped and the fit 
to the data degraded.
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CHAPTER 2
P h o to n u c le a r  G iant Resonances
2 .1 .1 .  I n t r o d u c t io n
This c h a p te r  i s  an in t r o d u c t i o n  t o  th e  s u b je c t  o f  p h o to n u c le a r  
g ia n t  r e s o n a n c e s .  The rem a inder  o f  t h i s  t h e s i s  i s  an i n v e s t i g a t i o n  o f  fo u r  
medium mass (A-50) n u c l id e s  w i th  e x c i t a t i o n  e n e rg ie s  in  th e  continuum. There 
a re  many s y s te m a t ic  d a t a  a v a i l a b l e  on th e  g ia n t  d ip o le  re so n an ces  o f  n u c l id e s ,  
and th e  aim o f th e  p r e s e n t  s tu d y  was to  add to  th e s e  and to  seek  ev idence  f o r  
g ia n t  quad rupo le  r e s o n a n c e s .  C o n s id e rab le  work has r e c e n t l y  been done in  th e  
l a t t e r  f i e l d ,  and g i a n t  quadrupo le  re so n a n c e s  have been observed  in  many 
n u c l id e s  using ( e , e * ) ,  ( p , p ' )  and p a r t i c l e  c a p tu re  r e a c t i o n s  ( e .g .  Wa 73,
Ha 75 ) .  As d i s c u s s e d  a t  le n g th  in  l a t e r  s e c t i o n s ,  (a ,y )  r e a c t i o n s  on t a r g e t s  
w ith  zero  sp in  i s  in  p r i n c i p l e  an e s p e c i a l l y  u s e f u l  method o f  o b se rv in g  E2 
s t r e n g t h .
In s e c t i o n  2.2.1, th e  r e a c t i o n s  i n v e s t i g a t e d  w i l l  be d e t a i l e d  to g e th e r  
w ith  some g e n e ra l  rem arks on ex p e r im e n ta l  a s p e c t s  o f  p a r t i c l e  c a p tu re  
r a d i a t i v e  s t u d i e s .
In th e  t h i r d  s e c t i o n ,  an o u t l i n e  o f  th e  th e o ry  used in  e s t im a t in g  
th e  compound, d i r e c t  and s e m i - d i r e c t  c o n t r i b u t i o n s  t o  th e  (a ,y )  c ro s s  s e c t io n s  
w i l l  be g iven .
2 .1 .2 .  The G ian t D ipole  Resonance
The f i r s t  ev idence  o f  a p h o to n u c le a r  r e a c t i o n  was in  th e  p h o to ­
d i s i n t e g r a t i o n  o f  deu te r iu m  and b e ry l l iu m  (Ch 34, Sz 3 4 ) .  This  was in  th e  
e a r l y  days o f  a c c e l e r a t o r  te ch n o lo g y ,  and once e l e c t r o n  beams o f  v a r i a b l e  
energy became a v a i l a b l e ,  th e  whole f i e l d  o f  p h o to n u c le a r  work was opened up. 
Review a r t i c l e s  o f  p ro g re s s  up to  1953 and 1965 a re  g iven  by S trau ch  (St 53) 
and Danos and F u l l e r  (Da 65) r e s p e c t i v e l y .  A more r e c e n t  rev iew  i s  by 
S p ic e r  (Sp 69).
The G.D.R. i s  a c h a r a c t e r i s t i c  re sonance  o f  a l l  n u c l id e s  which 
occurs  a t  e n e rg ie s  in  th e  continuum. A c l a s s i c a l  d ip o le  o s c i l l a t o r  has an 
a b s o rp t io n  c ro s s  s e c t i o n  ( e .g .  J a  62)
° a b s (E) = ° or 2E27{(E2-E02) 2 + r 2E2 } —
t h a t  i s ,  a L o ren tz  l i n e  shape. I t  i s  a well-known f e a t u r e  o f  re so n an ces  
e x c i te d  by ze ro  r e s t  mass p a r t i c l e s  t h a t  t h e i r  l i n e  shape i s  of th e  form
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2 .1 .  For t h i s  r e a s o n ,  e x p e r im en ta l  l i n e  shapes a re  sometimes f i t t e d  w ith  a 
L oren tz  l i n e ,  and in  t h i s  case  th e  p a ram e te rs  a Q, r  and EQ c l a s s i f y  th e  
n u c l id e  (ö0 = peak c ro s s  s e c t i o n ,  r  = l i n e  w id th ,  E0 = re so n an ce  e n e r g y ) .
In F i g . 2 .1 ,  th e  t o t a l  y a b s o rp t io n  c ro s s  s e c t io n  f o r  208Pb i s  shown as a 
fu n c t io n  o f  energy . T h is  has  an ap p ro x im a te ly  L o re n tz ia n  shape .
4 0 0 ---
E,  Me V
F ig u re  2 .1 .  (A f te r  Danos £ F u l l e r ,  Da 65 ) .  The t o t a l  gamma 
a b s o rp t io n  c ro s s  s e c t i o n  o f  208Pb. The open 
c i r c l e s  a re  th e  t r i a n g l e s  c o r r e c t e d  f o r  n e u t ro n  
m u l t i p l i c i t y .
The n u c l e a r  G.D.R. i s  u s u a l l y  th e  dominant f e a t u r e  o f  th e  
a b s o rp t io n  spec trum , and i t  has been found t h a t
/ a ^ P ( E ) d E  - - -  2 . 2 .
always e x h au s ts  a s i z e a b l e  f r a c t i o n ,  and in  some cases  i s  l a r g e r  than  the  
c l a s s i c a l  d ip o le  sum r u l e .  The i n t e g r a t e d  a b s o rp t io n  c ro s s  s e c t io n  ( e q .2 .2 )  
n o rm alized  to  th e  c l a s s i c a l  d ip o le  sum (C .D .S .)  r u l e  ( e q .2 .9 )  v a r i e s  
between about 60% in  A^IO to  ^130% in  A^180 n u c l id e s .  A ll a v a i l a b l e  e x p e r i ­
m ental d a ta  up to  1972 a re  c o l l e c t e d  in  th e  N a t io n a l  Bureau o f  S tanda rds  
p u b l i c a t i o n ,  NBS 380.
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2 . 1 . 3 .  C l a s s i c a l  and Quantum E qu iva lence
A system  of n d i s c r e t e  charges  a t  p o s i t i o n s  r !  ( i = l , n )  w ith  
r e s p e c t  to  some o r i g i n  has a d ip o le  moment g iven by
n
D = E q . r !  ----  2 .3 .
where i s  th e  charge a t  p o s i t i o n  r j .  In th e  quantum m echan ica l fo rm alism , 
e q u a t io n  2 .3  becomes an o p e ra to r  and an e x p e c ta t io n  v a lu e  o f  th e  d ip o le  
moment i s  w r i t t e n  as /
<t)> = < l i l 1q i i i |> — - 2.
where th e  empty D irac  b r a c k e t s  a re  s t a t e  a m p li tu d es .  S ince  n u c l e i  have 
s t a t e  am p li tudes  o f  d e f i n i t e  p a r i t y ,  th en  <D> = 0 in  th e  ground s t a t e .  
However, i f  a s u f f i c i e n t l y  s t ro n g  e le c t ro m a g n e t ic  f i e l d  i n t e r a c t s  w ith  a 
n u c l e u s ,  p o l a r i z a t i o n  o f  th e  nu c leo n s  may r e s u l t  and a d ip o le  moment w ith  
r e s p e c t  t o  th e  c e n t r e  o f  g r a v i t y  e x i s t s .  Equation  2 .3  may be tran s fo rm e d  to  
th e  c e n t r e  o f  g r a v i t y  ( c e n t r e  o f  mass = cm) c o o r d in a te s .  Using th e  same 
o r i g i n  as f o r  r | ,  th e  c.m. o f  th e  n u c le u s  i s  lo c a te d  by a v e c to r  II, where
l . t
—  A i = l —i 2.5.
The p o s i t i o n  o f  th e  j ^  p ro to n  w ith  r e s p e c t  to  th e  c.m. i s  r_j = r j  - R, and 
s u b s t i t u t i n g  f o r  r_. in  th e  o p e ra to r  in  e q .2 .4
D = e J ^ r J - R )
= e [ J 1 (N/ A) r |  - J ^ Z / a) ^ ]  - - -  2 .6 .
S ince  th e  o p e ra to r  s e p a r a t e s  i n t o  a sum over Z p ro to n s  and N n e u t ro n s ,  (N/A)e 
i s  taken* as th e  e f f e c t i v e  charge  o f  a p r o to n ,  and (-Z /A )e th e  e f f e c t i v e  
charge  of th e  n e u t ro n .  In a l a t e r  s e c t io n  th e  i s o s p in  fo rm alism  i s  in t ro d u c e d ,  
and th en  e q .2 .6  can be w r i t t e n  as a s in g l e  summation over A nuc leons  u s in g  
p ro to n  and n e u t ro n  p r o j e c t i o n  o p e r a to r s .
A c l a s s i c a l  e x p re s s io n  f o r  a b s o rp t io n  o f  d ip o le  r a d i a t i o n  by a 
s in g l e  n o n - r e l a t i v i s t i c  o s c i l l a t o r  i s  g iven  in  most t e x t  books ( e .g .  J a  62 ) .
The a b s o rp t io n  l i n e  shape i s  o f  th e  form e q .2 .1 .
. . .  . w i « _____
°abs  me (Wq^ - co^ )^+ o)z r^ 2 .7 .
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/aab s d u )  - 27T2e2(mc)_1 -- 2.8.
and for a system of n charges, eq.2.8. is simply summed. It has been seen 
that the effective charge of a proton is (N/A)e and a neutron (-Z/A)e. 
Consequently, equation 2.8 becomes
me l i
2tt2
me
Z N
+ i^1[(-Z/A)e]2}
= 2li^he2me A
= 60 NZ/A MeV.mb. 2.9.
(h has been inserted to change w to energy, m = nucleon mass). This result 
is the C.D.S. rule for nuclei and will be used in future sections.
Quantum mechanically, a set of linear energy weighted sum rules 
(L.E.W.S.R.) may be defined for the A multipole operator as (Wi 69)
S(X) E(E -Ea) z 
B B A
T T B 3B ft, Ij am .t at ,a>Am1 A A A 3A 2.10
where a state with isospin T^, projection T ^ ,  spin and projection
makes a transition to a state B with a similar notation for its quantum numbers 
ft. is the m^1 component of a 2^ multipole operator. If equation 2.6 is 
inserted in equation 2.10, then it can be shown that
SCI) = 2TT2he2NZ(mcA)-1
= 60 NZ/A MeV.mb. --- 2.11
There is exact correspondence between the C.D.S. rule and the quantum 
mechanical L.E.W.S.R.
2.1.4. Deviations from the C.D.S. Rule
The manner in which the rule was derived leads one to expect 
deviations from it for real nuclei. As mentioned earlier, integrated experi­
mental photoabsorption cross sections normalised to the C.D.S. rule do not 
lie on a straight line, but show rapid fluctuations with A. There are 
several reasons for this.
Quantum mechanically, the dipole interaction is represented by 
the electromagnetic field interacting with the nuclear current, j^. If the 
only components of j^ are convective and spin currents, then the C.D.S. rule 
is obtained. If there is a contribution from the meson current, a modified 
sum rule results.
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T his  may be u n d e rs to o d  s in c e  th e  q/m r a t i o  f o r  mesons i s  much 
l a r g e r  than  f o r  n u c leo n s  and th e  C.D.S. r u l e  i s  in c re a s e d  above i t s  expec ted  
v a lu e .  For example, Gell-Mann (Ge-Ma 54) g iv es  th e  r e s u l t
/ a  , (E)dE = 60NZA"1{1+0.1A2 (NZ)"1} —  2 .1 2 .o abs
where y i s  th e  meson p ro d u c t io n  th r e s h o l d .  In f a c t  a ap>SCED in c lu d e s  a l l  
m u l t ip o le  o rd e r s  in  e q u a t io n  2 .1 2 ,  b u t  th e  c o r r e c t io n  g iven  by Lev inger (Le 50) 
i s  s i m i l a r ,  t h a t  i s  ✓
S = 60NZA“H 1+x } — - 2 .1 3 .
where x -  0 .3 .
T h is  v a lu e  i s  s u b s t a n t i a t e d  by th e  e x p e r im e n ta l  work o f  V e y s s ie re  e t . a l .
(Ve 70) who deduced x = 0 .28 ± 0 .1  in  208Pb and 187Au. O ther d e p a r tu r e s  
from th e  v a lu e  60NZ/A a re  caused  by:
1) The i n t e g r a t i o n  i s  n o t  ta k en  to  h igh  enough energy .
2) Not a l l  decay ch an n e ls  a re  in c lu d e d  from ( y , p a r t i c l e )  r e a c t i o n s ,
i . e .  / a ( y , n )  + a (y ,p )  + o (y ,d )  + . . .  dE ^ /aab s (E)dE
3) A ll  m u l t ip o le  o rd e r s  a r e  in c lu d e d .
2 .1 .5 .  Quadrupole Sum Rule
The L.E.V/.S.R. f o r  quadrupo le  r a d i a t i o n  i s  g iven  by e q u a t io n  2 .10  
f o r  X = 2 as
S(2) = (50e2fi2/87rm)Z<rp2> 2 .14 .
where < rp2> i s  th e  mean sq u are  charge r a d iu s  averaged  over Z p ro to n s .  The 
sum can be s p l i t  i n t o  two te rm s c o r re sp o n d in g  to  AT = 0 and |ATj = 1 
t r a n s i t i o n s
S (2 , AT =0) = h 250e2Z2 (87TmA) " 1<rm2> - - -  2*15.
S ( 2 , 1 AT I =1) = ^SO e^Z C Sum A )"1^  2> —  2 .16 .
where th e  averaged  squared  r a d iu s  i s  over th e  m a t te r  d i s t r i b u t i o n .  There i s  a 
more f a m i l i a r  A = 2 sum r u l e  due to  G ell  Mann and T e leg d i  (Ge Ma 53 ) .  I t  i s
f o r  i s o s c a l e r  E2 r a d i a t i o n  and i s  w eigh ted  by th e  in v e r s e  second power o f  th e
energy .
f o  (E2) /E2dE = Tr2Z2{l37.3mc2A) _1< r2> —  2 .17 .
y
I f  < r2> i s  ta k en  as 3 / 5R2where R = 1.2A 3 , then
/a (E 2 ) /E 2dE = 0 . 22Z2A"^3yb.MeV"1 - - -  2 .18 .
This v a lu e  i s  f re q u e n tly  used in  comparing the  quadrupole s tre n g th  over a 
reg io n  of e x c i ta t io n .
2 .1 .6 . Iso sp in
With th e  e a r ly  id eas  o f charge independence and charge symmetry 
came th e  re p re s e n ta t io n  of a nucleons charge in  iso sp in  space. In th i s  space, 
p ro tons and n eu trons a re  re p re se n te d  by t h e i r  iso v e c to r  p ro je c t io n  on the  
th re e  a x is . This i s  t 3 = ± fo r  a n eu tron  (+) and p ro ton  ( - ) .  t_ = ( t 1t 2t 3) 
has modulus 3^2 * The same form alism  as fo r  sp in  space i s  adopted. An o p e ra to r 
t_ i s  de fin ed  by t_ = and
T 3^p = "Xp
T3xn = Xn
(Xp and Xn are  p ro ton  and n eu tro n  wave fu n c tio n s  r e s p e c t iv e ly ) .
This i s  p a r t i c u la r ly  convenien t when sums over neu trons and p ro tons are  
invo lved . P ro je c tio n  o p e ra to rs  a re  w r i t te n  j-(1±T3) which obv iously  s a t i s f y
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3~( i + t  3)  X p  = 0 i + t 3 )  x  =  xz n n
^ 1 - t 3 ) X  =  X^  07 p p K 1 - T 3 ) X n  = 0
Using th e se  o p e ra to rs , eq u ation  2 .6  can be w r it te n
D = ^ e . Z p C - Z / A H l + T p b  + ( N / A M l - T p b l r :  —  2 . 1 9 .
This s e p a ra te s  ID in to  term s which a re  l in e a r ly  dependent on t 3 and term s 
independent of T3 . The form er a re  iso v e c to r  term s and connect s ta te s  of 
d i f f e r e n t  is o s p in ,  and th e  l a t t e r  isoscalccr term s which connect s ta t e s  of the  
same is o sp in . In th i s  t h e s i s ,  the  mass range o f concern i s  about A=40 to  60. 
P r io r  to  1961, i t  was though t th a t  the  concept of iso sp in  in  t h i s  reg io n  of 
the  p e r io d ic  ta b le  would be of l i t t l e  or no value  because o f in c re a s in g  
Coulomb energy which i s  fundam entally  opposed to  T being a good quantum number. 
For example, MacDonald (Ma 55 ,56,58) c a lc u la te d  th e  ground s ta t e  iso sp in  
mixing of T< and T*^  + 1 s t a t e s  in  n u c lid e s  w ith  A < 20. Based on a Fermi gas 
model, he deduced a s te a d i ly  in c re a s in g  in te n s i ty  of T> s ta t e s  in  the  ground 
s ta t e  r i s in g  from <1% (A=8) to  ^4% (A=20).
However, th e  experim ents of Anderson and Wong (An 61) im plied  the  
unexpected r e s u l t  th a t  sharp  is o b a r ic  analogue s ta t e s  e x is te d  in  A - 90 
system s. This prompted a new th e o r e t ic a l  approach to  iso sp in  mixing in  heavy 
n u c le i .  C a lcu la tio n s  o f ground s ta t e  iso sp in  m ix tures were made in  th e  fram e­
work o f th e  s h e l l  model.
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The m agnitude of i s o s p in  m ixing in  th e  ground s t a t e  o f  medium mass 
and heavy n u c l e i  has been e x p la in e d  in  te rm s o f  quenching . In a s im ple  s h e l l  
model approach , th e  n e u t ro n s  and p ro to n s  move in  i d e n t i c a l  n u c le a r  one body 
p o t e n t i a l s  which a re  ta k en  as harmonic o s c i l l a t o r  p o t e n t i a l s .  The bound 
p ro to n s  e x p e r ie n c e  an e l e c t r o s t a t i c  p o t e n t i a l  which i s  ( in  o p e ra to r  form)
Vc = -  V2r i / R2 > —  2 .2 0 .
i . e .  t h a t  of a u n ifo rm ly  charged  sphere  o f  t o t a l  charge Z - l .  This  s im ply 
m o d if ie s  th e  o s c i l l a t o r  c o n s t a n t ,  s in c e  bo th  n u c l e a r  and Coulomb p o t e n t i a l s  
a re  q u a d r a t i c  in  r .  For a n e u t ro n ,  th e  o s c i l l a t o r  c o n s ta n t  i s
a = I b K )/2 ___ 2 .21 .
h
and f o r  p ro to n s ,
a '  = a ( l - 6 )  —  2 .2 2 .
where
r _ ( Z - l ) e 2m 
6 “ 2a2h 2R3 " 2 .23 .
where R i s  th e  n u c l e a r  r a d i u s .
The s in g le  p ro to n  wave fu n c t io n  i s  now w r i t t e n  u s in g  s in g le  n e u t ro n  wave 
fu n c t io n s  as  b a s i s  s t a t e s .  The p ro to n  s t a t e  w ith  quantum numbers (n&) a re  th u s  
w r i t t e n  ( to  f i r s t  o rd e r  in  6)
't’n d “ ' 5 = «’n d “ 5 + ßn d n +l , d a) —  2 ' 24-
where
ßn£ = £ /2n(2n+2S.+ l) 6
The t o t a l  wave f u n c t io n  (which c o n s i s t s  o f  a S l a t e r  d e te rm in a n t  o f  s in g l e  
n e u t ro n  and p ro to n  wave f u n c t io n s )  i s  w r i t t e n  as
^ = (t)T0 + Y ^T0+l —  2 .2 5 .
where | y | 2 i s  th e  i n t e n s i t y  o f  th e  TQ+1 m ix tu re .  I t  can be shown t h a t  | y | 2 i s  
given by
H 2 - N ^ S - E\ » l e J 2 —  2 -26-
N  ^ i s  th e  number o f  p ro to n s  in  th e  s t a t e  ( n , £ ) ,  and th e  prim ed sum i s  over 
a l l  s t a t e s  (n ,£ )  f o r  which th e  s t a t e  (n + l ,£ )  l i e s  above th e  n e u t ro n  Fermi 
s u r f a c e .  This  may be s im ply  u n d e rs to o d  in  te rm s o f  th e  P a u l i  p r i n c i p l e .  To 
form a s t a t e  T0+ l ,  th e  i s o s p in  r a i s i n g  o p e ra to r  T+ has to  change a p ro to n  in  
s t a t e  (n£ j)  t o  a n e u t ro n  in  th e  same s t a t e .  I f  t h i s  s t a t e  i s  below th e  n eu tro n
4 2.
Fermi level, then the Pauli exclusion principle forbids the new neutron state 
since it is already occupied. However, if the proton state (n£j) is above the 
neutron Fermi surface, then a neutron state (n£j) is allowed. This is the 
first type of isospin quenching in nuclei, only a few protons can take part 
in generating T0+l states in the ground state. For the obvious reason it is 
usually called Pauli quenching. The second type of quenching is called geo­
metric quenching and is due to the term (N-Z+2)-1 in equation 2.26. The third 
form of quenching is due to an isospin dependent potential of the form
/
4^ t_.T 2.27.
This acts explicitly on the T0+l component of a particle hole excitation, and 
its effect is to increase the energy splitting of the T0 and T0+l states.
This effect is called analogue quenching.
Taking these effects into account, calculations by Soper (So 69) gave 
the intensities of T> states in the ground state as shown in Table 2.1.
Table 2.1.
Nuclide T> intensity %
160 0.11
40Ca 1.81
48Ca 0.15
90 Zr 1.20
His conclusion was that even in heavy nuclides, isospin mixing in the ground 
state is <1%. It is interesting to notice that in 40Ca where one would expect 
the geometric quenching to be maximised, the isospin mixing is an 
order of magnitude larger than in 48Ca.
Some of the work in this thesis is concerned with isospin forbidden 
reactions. Clearly, if isospin is a good quantum number, then (a,y) reactions 
(Ta=0) on T = 0 targets cannot excite T = 1 levels as required for electric 
dipole radiation. If the ground state T = 1 intensity is <1%, this cannot 
account for a substantial cross section (^yb.), and the likely alternative is 
appreciable T = 1 intensity in T = 0 levels in the region of the G.D.R. In 
all (a,y) reactions on self conjugate nuclides, dipole radiation to the ground 
state has been seen, and mixing of T*^  and T> levels in the continuum proposed 
as the probable reason (e.g. Wa 72, Me 67).
4 3 .
2 . 1 .7 .  S e le c t io n  Rules
The r a d i a t i v e  w id th  f o r  a d ip o le  t r a n s i t i o n  can be w r i t t e n
rY( l )  = 8wkMäB|<JBMBTBT3B|DH| j AMATAT3A> P  — -
W rit in g  as a com bination  o f  i s o s c a l a r  and i s o v e c t o r  term s
D = - - -  .
2 .28
2 .2 9 .
then  th e  w id th  r y ( l )  s e p a r a t e s  i n t o  an i s o s c a l a r  term
< |D ° |>  = (TAOT3A0 |T BT3 B)< J BMBTB| |D O | | J AMATA> —  2.
where th e  empty D irac  b r a c k e t s  have th e  quantum numbers o f  e q .2 .2 8 .  The 
g e o m e tr ic a l  dependence on th e  p r o j e c t i o n  o f  T^ and T^ on th e  3 a x is  has been 
s e p a r a te d  u s in g  th e  W igner-E ckart  theorem .
From e q . 2 .19
= HeJ^CN-Z) A_1r^
= >2 e (N~Z)R ------  2 .3 1 .
Thus, e q .2 .3 0  i s  a m a tr ix  e lem ent o f  an e x t e r n a l  o p e ra to r  tak en  between s t a t e s  
o r th o g o n a l  in  t h e i r  i n t e r n a l  c o o r d in a te s ,  and co n seq u en t ly  v a n i s h e s .  On th e  
o th e r  hand , doing th e  same th in g  f o r  th e  i s o v e c t o r  m a tr ix  e lem ent le ad s  to  a 
ClebscA Gordan c o e f f i c i e n t
<TA1T3A°ITBT3b) —  2 -3 2 ’
T h e re fo re  i s o v e c t o r  t r a n s i t i o n s  p roceed  by AT = 0,±1 AT^ = 0 s e l e c t i o n  r u l e s .  
In i s o v e c t o r  AT = 0 t r a n s i t i o n s ,
(ta1T3a° | TbT3b)
■ (TA1T3A°lTAT3 d  “ T3A —  2 - 33-
and so in  s e l f  c o n ju g a te  n u c l id e s  where T3A = 0 , on ly  AT = ±1 i s o v e c t o r  
e l e c t r i c  d ip o le  t r a n s i t i o n s  a re  a l low ed .
2 .1 .8 .  P ro ton  and Alpha P a r t i c l e  C a p tu re .
The most s u c c e s s f u l  approach t o  th e  G.D.R. has been made u s in g  one 
p a r t i c l e  - one h o le  b a s i s  s t a t e s  (ph) ( e .g .  Br 59, Gi 64) . The p a r t i c l e  and 
h o le  a re  c o r r e l a t e d  s t r o n g ly  in  ang le  so t h a t  t h e i r  a n g u la r  momenta couple  to  
produce a 1“ s t a t e .  A b so rp t io n  o f  d ip o le  r a d i a t i o n  occu rs  when a s in g l e  p ro ­
ton i s  l i f t e d  above th e  Fermi l e v e l  le a v in g  a h o le  below. T h is  p ro to n  may
44.
then escape taking with it the excitation energy of the nucleus, or the lplh 
state may dissolve into more complicated np-nh states. The widths for these 
two processes are r and 2W respectively, and the fraction of protons which 
escape directly is T/(r+2W). It has been found that (p,y) reactions often 
proceed by a direct mechanism. An incident proton is captured from a 
continuum scattering state to a bound state with emission of dipole radiation. 
The width for this process is-^few MeV and gives rise to gross structure in a 
(p,y) excitation function. Alternatively, the incident proton may form a so- 
called doorway state. A proton from the target is raised above the Fermi 
level, so that a 2p-lh state results. This can proceed through hallway 
states of 3p-2h, 4p-3h, etc. states into the compound nucleus. It is these 
hallway states which have widths intermediate between direct reaction widths 
and compound nucleus widths, i.e. rD'^HW^CN’ F°r example, in Fig.2.3 the 
39K(p,Y0)40Ca excitation function is shown over the excitation energy range 
15-25 MeV. Gross, intermediate and fine structure are present which suggests 
both direct and compound nuclear processes.
In contrast to this, it has been found that alpha particle radiative 
capture is mostly a compound process. In Fig.2.2, data from the 40Ar(a,Y)l+4Ca 
reaction are shown. These data represent averages over any finer structure 
present as will be explained more fully in Chapter 4.
Fluctuation analysis usually shows no correlation between different 
exit channels (e.g. Yo and Yi) in agreement with the postulates of Ericson's 
fluctuation theory. Some data can be well fitted by Hauser-Fesbach theory, 
but in subsequent sections the possibility of a direct or semi-direct alpha 
capture mechanism will be investigated.
2.1.9. Splitting of the G.D.R.
The photonuclear G.D.R. has been investigated in the framework of 
lp-lh excitations (Sect.2.1.8). Fallieros et.al. (Fa 65) showed that, by 
coupling lp-lh pairs to 2p-2h excitations, the G.D.R. was split into two com­
ponents of isospin T< = TgS and T> = TgS+l where TgS is the ground state iso­
spin quantum number (TgS>0). The energy splitting between the two components 
is given by
AE = U(Tgs+l)/TgS —  2.34.
where U is a symmetry energy equal to the difference in the nuclear interaction 
of a neutron and a proton in the same state with the nucleus (Br 71, Fa 65).
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F i g . 2 . 2 .  The a b s o lu t e  d i f f e r e n t i a l  c ro s s  s e c t i o n s  f o r  t h e  1+0 Ar (a,  Yq) 44Ca 
and 40ArCa,Yi)44Ca r e a c t i o n s  measured a t  90° t o  th e  beam 
d i r e c t i o n  as a f u n c t i o n  of  bombarding energy .  (Ref.  Fo 74) .
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The r a t i o  o f  th e  two wid ths  i s
r T>/ r T< = ( l / T g P C E ^ / E ^ ) 3 —  2.35 .
S ince  t h i s  p r o p o s a l  was f i r s t  made, many exper iments  have v e r i f i e d  t h a t  
s p l i t t i n g  of  th e  G.D.R. does occur .  Some o f  th e  ev idence  f o r  t h i s  w i l l  
b r i e f l y  be d i s c u s s e d  in  f o l l o w in g  s e c t i o n s .
2 . 1 . 1 0 .  The Hydrodynamic Model
- U
The hydrodynamic model p r o v id e s  j u s t i f i c a t i o n  f o r  th e  A 5 energy 
dependence o f  th e  G.D.R. and G.Q.R. which i s  borne out  by s y s t e m a t i c s .
M icroscop ic  d e n s i t i e s  ( p ( : r , t ) )  a r e  a s c r i b e d  to  n e u t ro n  and p ro ton  
f l u i d s  which a r e  con t inuous  i n s i d e  a r i g i d ,  non-permeab le  s p h e r i c a l  boundary .  
Under the  i n f l u e n c e  o f  an e l e c t r o m a g n e t i c  f i e l d ,  th e  p ro to n  and n e u t ro n  f l u i d s  
s e p a r a t e .  A r e s t o r i n g  f o r c e  a c t s  th rough  t h e  p o t e n t i a l
V = x [Pn t t ) - P p f c t ) ] 2 / P 0 — " 2 . 36 .
where PQ = pn (r_,t) + p (r_,t) , and a c o n s t a n t  X' i s  r e l a t e d  to  t h e  symmetry 
energy of t h e  s e m i - e m p i r i c a l  mass fo rmula  by (Da 68)
V
and
Xf (N-Z)z /A 
X’/m (m
2 .37 .
nuc leon  mass)
A f r i c t i o n a l  f o r c e  i s  a l s o  i n c lu d e d  which i s  p r o p o r t i o n a l  t o  t h e  r e l a t i v e  
v e l o c i t y  of  th e  two f l u i d s .  Using th e  fo r m u l a t io n  of  c l a s s i c a l  mechanics 
( e . g .  Ei 70 ) ,  th e  problem i s  one o f  c a l c u l a t i n g  th e  normal modes o f  d e n s i t y  
v i b r a t i o n  o f  th e  f l u i d .  An harmonic t ime dependence i s  assumed f o r  the  
p ro to n  f l u i d ,  v i z .
p (r_,t) = p (o) { l+ n ( r )  exp(- ia ) t)  } ----  2 .38 .
(p(o) = e q u i l i b r i u m  d e n s i t y )
then  i t  can be shown t h a t  n ( r )  s a t i s f i e s  t h e  Helmholtz e q u a t io n
V2q ( r )  + k2n ( r )  = 0  ----  2 .39 .
where k2 = m2{ l+ir /a)}A2(8^Z)-1 and th e  boundary c o n d i t i o n  o f  no r a d i a l  f l u x  i s
Vri(r) I = 0  - - -  2 .4 0 .
Ko
(R0 = n u c l e a r  r a d i u s )
Equat ion 2 .39  has  t h e  s o l u t i o n s
h Ckr)hm©
(A p roduc t  o f  an o rd e r  s p h e r i c a l  Besse l  f u n c t i o n  and s p h e r i c a l  harmonic)  .
48 .
S o lv in g  e q .2 .3 9  w ith  th e  boundary c o n d i t io n  (e q .2 .4 0 )  le ad s  to
kRo = 2.0815 £ = 1
kR0 = 3.3421 £ = 2
S in ce  = fioj , th e  r e s p e c t i v e  e n e rg ie s  o f  th e  G.D.R. and G.Q.R. a re
- U
Ei -  70A /3
- U  >
Ez -  112A /3
2.41
The e x a c t  v a lu e s  o f  th e  c o e f f i c i e n t s  depend on th e  v a lu e  o f  th e  r a d iu s
lAp a ra m e te r  r 0 (R0= r QA •3) and X. The normal d ip o le  mode e x h au s ts  about 84% 
of th e  C.D.S. r u l e  and so t h i s  i s  i d e n t i f i e d  w ith  th e  G.D.R. S y s tem a tic s  
of medium and heavy n u c l id e s  show t h a t  th e  re so n an ce  energy  o f  th e  G.D.R. i s  
g iven  by ^77A 3 which i s  in  good agreem ent w ith  th e  hydrodynamic model. Modi­
f i c a t i o n s  t o  th e  model and q u a n t i s a t i o n  o f  th e  f l u c t u a t i o n  eigenmodes a re  
d i s c u s s e d  by B e r tsch  (Be 75) and E isenberg  and G re in e r  (Ei 70).
R e tu rn ing  f o r  a moment to  th e  q u e s t io n  o f  i s o s p in  m ixing in  th e  
ground s t a t e ,  th e  adm ix ture  o f  (0+ ,0) and (0+ , l )  ( J ^ T )  s t a t e s  has been c a l ­
c u l a te d  u s in g  th e  hydrodynam ical model. Bohr, Damgärd and M ottleson  have 
e v a lu a te d  th e  admixed i n t e n s i t y  as
- 7P(T=1) = 5 .5 5 .1 0  7Z 3 
( e . g .  40Ca, -0.2% , 208Pb, *7%)
However, th e  t h r e e  quenching e f f e c t s  d is c u s s e d  p r e v io u s ly  w i l l  reduce  P.
So f a r  th e  t r e a tm e n t  has  been f o r  s p h e r i c a l  n u c l e i .  In th e  case 
o f  a n u c le u s  w ith  i n t r i n s i c  p r o l a t e  d e fo rm a tio n ,  t h r e e  fundam enta l modes o f  
v i b r a t i o n  a re  p o s s i b l e ,  one p a r a l l e l  to  th e  m ajor a x i s ,  and two d e g e n e ra te  
v i b r a t i o n s  p a r a l l e l  t o  th e  minor a x e s . The r e l a t i o n s h i p  between th e  e n e rg ie s  
o f  th e  d i f f e r e n t  modes i s  g iven  by (Da 58)
Ea /Eb = 0 . 911 (a /b )  + 0.089 —  2.42
where a and b a re  semi m ajor and semi minor axes r e s p e c t i v e l y .  Using t h i s  
e x p re s s io n ,  good agreement ( e .g .  Fu 58) was found between quadrupo le  moments 
measured by Coulomb e x c i t a t i o n  and d e te rm in a t io n  o f  Q0 from th e  e x p re s s io n
Q0 = |z R 02A2/3(d2 - l ) / d 2/^  - - -  2 .43
where d = a /b  ( see  F i g . 2 . 4 . ) .
Degeneracy o f  v i b r a t i o n s  p a r a l l e l  t o  th e  minor axes i s  removed i f  
quadrupo le  s u r f a c e  v i b r a t i o n s  a re  in t ro d u c e d  ( e .g .  Da 68).
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I f  n u c l e i  w ith  i n t r i n s i c  p r o l a t e  defo rm a tio n  a re  randomly o r i e n t e d  
then  th e  measured c ro s s  s e c t io n  w i l l  be
<a(E)> = | a a (E) + | a b (E) —  2 .4 4 .
due t o  th e  tw ofo ld  degeneracy  m entioned above. The maximum v a lu e s  o f  th e  
c ro s s  s e c t i o n s  a re  r e l a t e d  to  th e  w id ths  by:
a a (max)/a^(max) = r^ /2T  ----  2 .4 5 .
2 . 2 . 1 .  E xperim en ta l Aspects
A co n v en ien t  method f o r  e x c i t i n g  th e  n u c l e a r  G.D.R. i s  p ro v id ed  by 
( p a r t i c l e ,Y )  r e a c t i o n s  w i th  l a rg e  p o s i t i v e  Q v a lu e s  ( s e v e r a l  MeV). A f u r t h e r  
advan tage  o f  t h i s  method i s  th e  good energy  r e s o l u t i o n  o f  p a r t i c l e  beams p r o - '  
v id e d  by Tandem Van de G ra a f f  g e n e r a to r s .
This t h e s i s  concerns  s tu d i e s  o f  (a ,y )  r e a c t i o n s  on n u c l id e s  in  the  
mass ran g e  40 t o  66. A ll  a re  even -even ,  so t h a t  p o p u la t io n  o f  e x c i te d  s t a t e s  
occurs  in  th e  mz = 0 s u b s t a t e .  The z d i r e c t i o n  i s  d e f in e d  by th e  beam a x i s .
I f  i s o s p in  i s  a good quantum number, th e n  a lp h a  c a p tu re  to  e x c i t e d  s t a t e s  
shou ld  p roceed  v i a  i s o s p in  co u p lin g  r u l e s ;  t h a t  i s ,  Tex = TgS where th e  sub­
s c r i p t s  ex and gs r e f e r  to  e x c i te d  and ground s t a t e s  r e s p e c t i v e l y .  Emission 
o f  A=1 r a d i a t i o n  i s  r e s t r i c t e d  by AT = 0,±1 i s o s p in  s e l e c t i o n  r u l e s ,  and 
in  s e l f  c o n ju g a te  n u c l i d e s ,  |AT| = 1 t r a n s i t i o n s  only  a re  a llow ed .
C onsequen tly ,  e x c i t a t i o n  o f  th e  G.D.R. in  s e l f  c o n ju g a te  n u c l id e s  i s  f o rb id d e n .  
Many r e a c t i o n s  o f  t h i s  ty p e  have been s tu d ie d  ( e .g .  Pe 74) and in  a l l  cases  
decay by d ip o le  r a d i a t i o n  observed  from r e g io n s  where th e  G.D.R. i s  lo c a te d .
Tliis has  been e x p la in e d  in  te rm s o f  th e  h igh  l e v e l  d e n s i t y  o f  medium mass 
n u c l id e s  around 15 MeV where T / D » l .  I t  i s  assumed t h a t  an a p p re c ia b le  T> 
component (T=l) i s  mixed w ith  T=0 s t a t e s  a t  t h i s  e x c i t a t i o n .  To p ro v id e  
f u r t h e r  d a t a  on s e l f  c o n ju g a te  n u c l id e s ,  th e  40Ca(a ,y) 4l+T i r e a c t i o n  was i n v e s t ­
ig a te d  w ith  r e a s o n a b le  r e s o l u t i o n  (p -1 0 r ,p  = r e s o l u t i o n ,  T = mean l e v e l  w id th) 
over th e  energy  range  o f  th e  G.D.R.
In  non s e l f  c o n ju g a te  n u c l id e s ,  AT = 0 i s o v e c to r  El r a d i a t i o n  i s  
a l low ed . The 54F e ( a , y ) 58Ni r e a c t i o n  was in v e s t i g a t e d  over th e  G.D.R. energy 
re g io n  which has been lo c a te d  in  58N i ( y , n ) 57Ni (Mi 68 ) and 58N i ( y , p ) 57Co 
(Ca 59) m easurem ents. Two o th e r  non s e l f  c o n ju g a te  n u c l id e s  in  th e  same re g io n  
o f  th e  p e r i o d i c  t a b l e  were i n v e s t i g a t e d  by th e  (a ,y )  r e a c t i o n .  They were 
60N i ( a , y ) 64Zn and 82N i ( a , y ) 68Zn. S ince  e x c i t a t i o n  o f  T = T< s t a t e s  by a lpha  
c a p tu re  i s  a l low ed  and t h i s  s t a t e  can then  decay by El e m is s io n ,  i t  m ight be 
expec ted  t h a t  d ip o le  i n t e n s i t y  shou ld  be g r e a t e r  th an  f o r  N = Z n u c l id e s .
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However, th e  s i t u a t i o n  i s  a l i t t l e  more com plica ted  than  t h i s .  
Decay o f  th e  compound n u c le u s  i n t o  a channe l c depends on th e  f a c t o r  Tc/ZjT^, 
where i s  th e  t r a n s m is s io n  c o e f f i c i e n t  f o r  channel d. (This  i s  on ly  
ro u g h ly  c o r r e c t  as w i l l  be seen in  th e  n e x t  s e c t i o n ) . As th e  e x c i t a t i o n  
energy  in c r e a s e s ,  more and more channe ls  become a v a i l a b l e  f o r  decay , and 
so th e  demonimator, gT^, makes th e  p r o b a b i l i t y  f o r  decay in  one p a r t i c u l a r  
channel q u i t e  s m a l l .  This argument has f r e q u e n t ly  been used to  e x p la in  th e  
sm all  ( a ,y )  c ro s s  s e c t i o n  in  th e  re g io n  o f  th e  G.D.R. ( e .g .  Fo 74) .
A nalyses o f  th e  f i n e  s t r u c t u r e  in  e x c i t a t i o n  fu n c t io n s  have been 
based on th e  f l u c t u a t i o n  th e o ry  o f  E r ic so n  which w i l l  be b r i e f l y  d e s c r ib e d .
This  th e o ry  was a p p l ie d  to  th e  narrow  o v e r la p p in g  re so n an ces  which 
c h a r a c t e r i z e  th e  compound n u c le u s .  At e n e rg ie s  where in d iv id u a l  l e v e l s  a re  
s e p a ra te d  from t h e i r  n e ig h b o u rs  by more th an  th e  l e v e l  w id th ,  ( r / D « l )  , each 
re so n an ce  can be d e s c r ib e d  by a B re i t-W ig n e r  am plitude
/ (E-Ej+ir j / 2 ) 2.46
a and ß a re  e n t ra n c e  and e x i t  channe ls  r e s p e c t i v e l y ,  j l a b e l s  th e  l e v e l .
At e n e rg ie s  where T / D » l ,  and i f  no d i r e c t  r e a c t i o n  component i s  p r e s e n t ,  
th e  c ro s s  s e c t io n  i s  g iven  by | f | 2 , where f  i s  a co h eren t  sum o f  term s l i k e  
e q . 2 .4 6 .
Thus
1 £ 12
I fag I 2
2.47
I f  th e  f^ß a re  random b o th  in  m agnitude and s ig n ,  then  th e  second term  w i l l  
average ou t as ze ro .  However, i t  w i l l  have a s ta n d a rd  d e v ia t io n  about ze ro . 
For example, i f  each  f^ß  = ± ( a ’ /N)"^2 , th e n  we o b ta in
a = a* ± /N (N -1 )V /N
. . I t  a = a ’ ± o' ----  2 .48
N-x»
so t h a t  a can f l u c t u a t e  w i th in  th e  range  o to  s e v e r a l  t im es  o ' .  I t  i s  th e  
i n t e r f e r e n c e  between th e  d i f f e r e n t  am p li tudes  which g iv e s  r i s e  t o  th e  f l u c t ­
u a t in g  c ro s s  s e c t i o n .  S p e c i f i c  forms f o r  th e  c o r r e l a t i o n  between th e  f l u c t ­
u a t io n s  in  an e x c i t a t i o n  fu n c t io n  have been d e r iv e d ,  and w i l l  be a p p l ie d  to  
th e  d a ta  in  C hap te r  4. As m entioned  b e f o r e ,  many (a ,y )  r e a c t i o n s  have been
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analysed in terms of the fluctuation theory and compound nuclear reaction 
mechanisms deduced as a result. This contrasts with (p,y) work which has 
been shown to be dominated by direct and semi direct processes. A few 
exceptions have been noted. For example, Bearse et.al. (Be 68) measured the 
23Na(p,y)24Mg reaction in the region of the G.D.R. energy. Based on fluctu­
ation analysis, they deduced equal contributions from compound and direct 
processes. This was attributed to a small value of the spectroscopic factor 
of a d^ , proton in the ground state of 24Mg which would inhibit a direct 
type mechanism. '
2.2.2. Alpha Particle and Proton Radiative Capture
A further use of radiative capture reactions using alpha particles
is in testing the theory of isospin splitting (Sect.2.1.9.) of the G.D.R.
In principle, alpha capture can selectively excite T< components. On the
other hand, proton capture can excite both T< and T> components. Comparison 
A-4 A A-l Aof z_0(a,y)z data with might therefore demonstrate the splitting.
However, as discussed in Sect.2.2.1., p.51, the (a,y) cross section usually 
falls rapidly once above neutron and proton thresholds, and so a negligible 
cross section at the T> resonance region would not be clear evidence of 
isospin selection rules operating. The G.D.R. of 64Zn has been investigated 
by Paul et.al. (Pa 71) through the 63Cu(p,y) 64Zn reaction. The excitation 
function indeed displayed two distinct components in both Yq and Y]_ channels 
which obeyed the predictions of Goulard and Fallieros. Both the energy 
separation of the components, AE, and the integrated yields agreed with theor 
etical predictions. In table 2.2, the energy splitting AE, and the symmetry 
energy U are shown for various nuclides in the mass range 42 to 91.
One of the objectives of the 60Ni(a,y)64Zn study was to make a 
comparison with the data of Paul et.al. in the region of the T< and T> G.D.R. 
energies.
2.2.3. The Giant Quadrupole Resonance
The Giant Quadrupole Resonance (G.Q.R.) has received less attention 
in photonuclear physics than the G.D.R. This is principally because it is 
more difficult to investigate than the latter resonance. For example, in the 
long wave-length approximation (ka«l) , the ratio of A and A+l transition
(ka)2probabilities goes as t (A) /x(A+l)fv^ +-'^  [2%+3)2 62) where t is the
lifetime of the state for gamma emission. If 40Ca emits a 20 MeV gamma ray, 
ka - 0.5, and the ratio of E2 to El transition probabilities is about .5%.
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N u c l e u s AE( M e V ) T V (Me V )
4 2 Ca 3 .0 1 0.2 1 b3il*
4 5 Sc h . 8 ± 0.2 7/2 5 2 1 2
6 °Ni 3 .0 1 0.2 ■ 2 6 0 il*
6 4 Zn 3 . 2 1 0 . 3 . 2 6 8 ifa
6 4 Z n * a 2 .9 ±0 .3 2 6 2±6
a8Sr 3.71 0 . 5 6 1*716
09y 3 .910.5 1 1 / 2 51*17
8 9 y * a 3.810.1* 11/ 2 5216
8 0 Zr 3 .910.5 5 5 817
91Nb 3 . 6 1 0 . 7 9/2 5 9 110
aFirst excited state.
Ref. Pa 71. Table 2.2. U = VT/A
Secondly, a much larger fraction of the quadrupole sum rule is exhausted by 
low lying collective states than in the dipole case 020-40%).
Unlike dipole radiative transitions, both AT = 0 isoscalar and 
AT = ±1,0 isovector transitions are allowed for quadrupole radiation.
According to Fukuda and Torizuka (Fu 72), the positions of the isoscalar and
- h  - kisovector G.Q. resonances are given by ^65A 3 and ^120A 3 MeV respectively.
_kThese coefficients of A 3 were deduced from (e,e') data on a number of 
spherical nuclides. The isovector estimate is quite close to the hydrodynamic 
model prediction of ^112A ^  MeV. Calculations by Suzuki (Su 73) predict that
_ kthe isoscalar and isovector G.Q. resonances should lie at about 58A 3 and
_ k130A 3 MeV respectively. The available experimental data support the iso­
vector assignment within error bars, but the isoscalar systematics suggest a
_ kvalue of 62A 3 (Wa 73). Calculations are usually based on the G.Q.R.
exhausting the appropriate sum rule which has not been verified experimentally.
Some of the experimental data will now be reviewed.
Lewis and Bertrand (Le 72) investigated inelastic scattering of 
62 MeV protons from 27A1, 54Fe, 120Sn and 209Bi. Based on a careful examin­
ation of the proton continuua spectra in the excitation range 6-41 MeV, and
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w ith  th e  G.D.R. lo c a t io n  from (y ,n )  s t u d i e s ,  th ey  deduced an i s o s c a l a r  G.Q.R. 
lo c a te d  a t  %63A ^  MeV. The same a u th o rs  made measurements on n a t Cu, n a t In and 
n a tp b .  in  t a b l e  2 .3 ,  v a lu e s  o f  th e  G.Q.R. peak p o s i t i o n  from th e s e  e x p e r i ­
ments a r e  shown
N uc lide eg . q . r . EG(5R x Ay3
27A1 19 ± 1 19.5 ± 0 .8 57 ± 3
54Fe 16 ± 1 60 ± 4
12°Sn 13.5 ± 1 67 ± 5
209Bi 11.5 ± 1 68 ± 6
n a t~Cu 15.5 ± 0 .6 62 ± 2
n a t ln 13.7 ± 0 .6 74 ± 3
n a t Pb 11.2 ± 0 .5 66 ± 3
< >=65
Table  2 .3 .
Dahmen e t . a l .  (Da 71) m easured th e  208P b ( y ,p ) 207T& r e a c t i o n  from th r e s h o ld  
to  33 MeV. 208Pb was bombarded w ith  b re m s tra h lu n g ,  and th e  4.8m. ß a c t i v i t y  
of 287T& m easured. Above 25 MeV, th e  competing 208P b (y ,n p )208T£ r e a c t i o n  
w ith  an a s s o c ia t e d  4 .3  min ß a c t i v i t y  cou ld  n o t  be r e s o lv e d  from th e  (y ,p) 
r e a c t i o n .  The c ro s s  s e c t i o n  f o r  th e  (y ,p )  and (y ,np) r e a c t i o n s  in c re a s e d  
from about zero  a t  15 MeV to  about 2mb a t  30 MeV in  a l i n e a r  f a s h io n .  At 
25 MeV, a peak was p r e s e n t  on th e  i n c r e a s in g  background which was about 2 MeV 
wide and had a peak v a lu e  o f  3 .4  mb. T h is  was a t t r i b u t e d  to  an El AT=1 
t r a n s i t i o n  to  an i s o b a r i c  ana logue  s t a t e  in  208Pb. The smoothly in c r e a s in g  
background was a t t r i b u t e d  to  E2 t r a n s i t i o n s  in  q u a l i t a t i v e  agreement w i th  th e  
c a l c u l a t i o n s  o f  Bunatyan (Bu 67) .
Dreyer e t . a l .  (Dr 72) measured th e  (y ,n )  and (y ,p )  r e a c t i o n  on 180Gd 
A c t iv a t io n  a n a l y s i s  was used  to  deduce a b s o rp t io n  c ro s s  s e c t i o n s  from th e s h o ld  
to  33 MeV. A b road  peak appeared  in  th e  c ro s s  s e c t io n  a t  23.5 MeV, and i t  was 
argued t h a t  t h i s  was th e  G.Q.R. p r e d i c t e d  by th e  hydrodynamic model a t  1 .6  
tim es th e  G.D.R. en e rg y ,  about 123A /8 MeV. The 160G d (y ,x n ) (x = l ,3) c ro s s  
s e c t io n  had p r e v io u s ly  been measured by Berman e t . a l .  (Be 69 ) .  T h e i r  d a ta  
e x h ib i te d  th e  d o u b le t  s t r u c t u r e  o f  th e  G.D.R. p r e d ic te d  by Danos f o r  deformed 
n u c l e i ,  and a l s o  th e  broad  re so n an ce  a t  23 .5  MeV which D reyer e t . a l .  a t t r i b u t e  
to  th e  i s o v e c t o r  G.Q.R.
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Lewis (Le 72a) has an a ly sed  th e  a v a i l a b l e  d a ta  f o r  40Ca in  term s 
of c o n t r i b u t i o n s  from d ip o l e ,  quadrupole  and o c tu p o le  r e s o n a n c e s .  The G.D.R. 
was p la c e d  a t  20 MeV and a lm ost exhausted  th e  i s o v e c to r  energy  w eigh ted  sum 
r u l e .  The G.Q.R. had a re so n an ce  energy o f  17 MeV and exhaus ted  72% o f  the  
iso sca lcx r  energy  w eigh ted  sum r u l e ,  and about 100% i f  low ly in g  bound 2 + 
s t a t e s  were in c lu d e d .
The m u l t ip o le  re so n an ce  s t r e n g t h  in  160 appears  t o  be fragm ented  
i n t o  i s o l a t e d  re so n an ces  over th e  energy range  12 to  26 MeV e x c i t a t i o n .  For 
exam ple, Snover e t . a l .  (Sn 74) s tu d ie d  th e  l z C (a ,y 0) 16O r e a c t i o n  from Ex = 12 
to  28 MeV. They deduced T=0 E2 s t r e n g t h  over t h i s  range  which exhaus ted  about 
17% of th e  i s o s c a l a r  energy  w eigh ted  sum r u l e .  I f  o th e r  channe ls  were 
in c lu d e d ,  th e y  e s t im a te d  t h a t  about 70% o f  th e  sum r u l e  would be exhaus ted .
160 has been s u b je c te d  t o  c o n s id e r a b le  a t t e n t i o n  b o th  t h e o r e t i c a l l y  and 
e x p e r im e n ta l ly .  O ther r e c e n t  e x p e r im en ta l  s tu d ie s  have been made by Paul 
e t . a l .  (Pa 75) on th e  15N ( p ,y ) 160 r e a c t i o n ,  and Knöpfle e t . a l .  (Kn 75).
Hanna e t . a l .  used  i n e l a s t i c  s c a t t e r i n g  o f  a lp h a  p a r t i c l e s  to  e x c i t e  E2 
s t r e n g t h  in  160 (Ha 75) t o g e th e r  w i th  p o l a r i s e d  p ro to n  r e a c t i o n s  on 15N.
I t  was found t h a t  in  24Mg and Z6Mg from (a ,y )  r e a c t i o n s  t h a t  th e  E2 
s t r e n g t h  i s  sp read  ou t over about e ig h t  MeV (Ku 75) .  There i s  as  ye t  no 
unambiguous knowledge o f  how th e  quadrupo le  s t r e n g t h  i s  d i s t r i b u t e d  in  
d i f f e r e n t  p a r t s  o f  th e  p e r i o d i c  t a b l e .  I t  was hoped t h a t  th e  p r e s e n t  s tudy  
might i n d i c a t e  w hether E2 s t r e n g t h  in  th e  n u c l id e s  i n v e s t i g a t e d  was c o n c e n t ra te d  
i n t o  s i n g l e  re s o n a n c e s  o r  sp read  over an a p p re c ia b le  r e g io n  o f  th e  continuum. 
Where i s o l a t e d  re so n an ce  s t r e n g t h  has been o b se rv ed ,  th e  i s o s c a l a r  E2 s t r e n g t h
has  been below th e  G.D.R. in  th e  v i c i n i t y  of 63A ' d , and i s o v e c t o r  s t r e n g t h
-above th e  G.D.R. in  th e  v i c i n i t y  o f  124A J MeV.
In t a b l e  2 .3 ,  th e  E2 s t r e n g t h  f o r  v a r io u s  even-even  n u c l id e s  i s
shown n o rm a l ised  t o  th e  i s o s c a l a r  Gell-Mann sum r u l e ,  0 .22ZzA pb.McV. Where
i t  was a v a i l a b l e ,  th e  s t r e n g t h  from low ly in g  quadrupo le  s t a t e s  has  been
in c lu d e d .  In th e  continuum , on ly  th e  E2 s t r e n g t h  de te rm ined  from (a ,y )
r e a c t i o n s  i s  u sed .  I t  i s  c l e a r  t h a t  in  most c a s e s ,  i f  an e s t im a te  o f  th e  decay
th ro u g h  chan n e ls  o th e r  th a n  cxq i s  made, th e n  th e  c ro s s  s e c t i o n  e x h a u s ts  th e
- ] a
sum r u l e  below Ex = 63A 0 , th e  p r e d i c t e d  p o s i t i o n  o f  th e  i s o s c a l a r  G.Q.R.
For Z4>25Mg, th e  (y ,n )  c ro s s  s e c t io n  i s  in c lu d e d  in  th e  te rm s in  b r a c k e t s .
(Ku 75).  T h is  e x e m p l i f ie s  th e  t o t a l  E2 s t r e n g t h  o f  th e s e  n u c l e i .
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Table 2 
N uclide
3. A f te r  Hanna (Ha 75a)
/a (E 2 )  /E2d E /0 . 22Z2A '1/3%
16o 55
24Mg 47 (120±30)
26 Mg 40 (290±80)
28Si 50
30Si 36
32S 51
34S 27*
40 Ca 26
42Ca 64*
44^ j 14*
52Cr 17*
6°Ni 15*
* The d a ta f o r  th e s e  n u c l e i  i s  incomp1«
2 . 3 .1 .  Cross S e c t io n  C a lc u la t io n s
In t h i s  s e c t i o n ,  th e  th e o ry  used in  e s t im a t in g  th e  f r a c t i o n  o f  
compound, d i r e c t  and s e m i - d i r e c t  p ro c e s s e s  which c o n t r i b u t e  to  (a ,y )  r e a c t io n s  
w i l l  be c o n s id e re d .  As w i l l  be  seen , th e  e x p re s s io n  f o r  th e  compound p ro cess  
d i f f e r s  from th e  c o n v e n t io n a l  H auser-Fesbach  e x p re s s io n .  The th e o ry  i s  due 
to  Shikazono and Terasawa (Sh 75).
Three p o s s i b l e  meachnisms a re  c o n s id e re d  f o r  th e  r e a c t io n :
( i )  Compound p r o c e s s .  The in c id e n t  a lp h a  p a r t i c l e  p e n e t r a t e s  th e  
p o t e n t i a l  b a r r i e r  and c o a le s c e s  w ith  th e  t a r g e t .  A c o l l e c t i v e  s t a t e  i s  
formed a t  h igh  e x c i t a t i o n ,  one o f  i t s  decay modes i s  by gamma em iss io n .
( i i )  D i r e c t  p r o c e s s .  The a lp h a  p a r t i c l e  i s  c ap tu re d  from a continuum 
s c a t t e r i n g  s t a t e  to  a bound o r b i t a l  in  th e  t a r g e t .  As i t  changes s t a t e s  a 
gamma r a y  i s  e m it te d .
( i i i )  S e m i -d i r e c t  p r o c e s s .  The t a r g e t  i s  e x c i te d  by a Coulomb i n t e r a c t i o n  
w ith  th e  a lp h a  p a r t i c l e .  The a lp h a  p a r t i c l e  makes a r a d i a t i o n l e s s  t r a n s i t i o n  
to  a bound s t a t e ,  and th e  e x c i te d  co re  decays by gamma em iss io n .  A second 
type  o f  El s e m i - d i r e c t  mechanism i s  c o n s id e re d .  For N=Z n u c l e i ,  a 1 T=0 
mode may be e x c i t e d  by a n u c l e a r  i n t e r a c t i o n  between th e  t a r g e t  and in c id e n t  
a lpha  p a r t i c l e .  I f  t h i s  s t a t e  i s  mixed w ith  th e  1~ T=1 G.D.R., then  th e  
G.D.R. can be e x c i te d  th rough  t h i s  two s te p  mechanism.
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Using S m a tr ix  formalism,- th e  t o t a l  r e a c t i o n  am plitude  i s  w r i t t e n  
in  th e  u s u a l  way:
a '  a a ’ a + Sa '  a 2 .49 .
where a and a ’ a re  e n t ra n c e  and e x i t  channe ls  r e s p e c t i v e l y .  i s  an average 
am p li tu d e  a s s o c ia t e d  w ith  d i r e c t  and semi d i r e c t  p ro c e s s e s .  The c ro s s  s e c t io n  
i s  p r o p o r t i o n a l  to  j s ^ , ^ 2 , and th e  average  c ro s s  s e c t io n  i s
a(y,oO ( |S^  12■ ay + S
FI, 2 
a y 1
D .S .D .,  , _F l r .o (y ,a )  + a (y ,a ) 2 .50 .
H ere , t h e  (y ,a )  c ro s s  s e c t io n  i s  co n s id e re d  which i s  r e l a t e d  to  th e  ( a ,y )  
c ro s s  s e c t i o n  by d e t a i l e d  b a la n c e ,  v i z .
= ^2i>7 i )~ jfe-  ö(y >°0 —  2 .51 .
where I i s  th e  ground s t a t e  sp in  o f  th e  t a r g e t ,  and I ’ t h a t  o f  th e  r e s i d u a l  
n u c le u s  6f*e ()S^ oC) -f0CLc6iotf. k^ and ka a re  gamma and a lp h a  wave numbers
r e s p e c t i v e l y ,  g i s  th e  s t a t i s t i c a l  f a c t o r ,  g = ^-(2J+1) / (2 1  + 1) where J  i s  th e  
sp in  o f  th e  compound n u c le u s .
( i )  Compound p ro c e s s e s .
The f l u c t u a t i n g  p a r t  o f  th e  c ro s s  s e c t io n  averaged  over energy
i s  w r i t t e n
o ^ C y ^ )  = ,7^2- gT B —- 2 .52 .k z y a
where T^ i s  a gamma ra y  t r a n s m is s io n  c o e f f i c i e n t .  I t  i s  d e f in e d  by
T.y 1 - E|S I2 a aT
2.53,
I t  i s  shown by Shikazono and Terasawa t h a t
f/Pv „1 » _I_ c rGYrG^  
r  (Y,C°  E y  g CE-EG) z+V4rGz aB 2.54.
where TG i s  th e  t o t a l  w id th  f o r  th e  g i a n t  re so n a n c e ,  and r G^  i s  the  p a r t i a l  
w id th  f o r  y decay, i s  c a l l e d  th e  s p re a d in g  w id th  o f  th e  re so n an ce  and i s  
e x p re ssed  by
r 4 
G r n - 2 i r £ k
2 .5 5 .
where y ,^ i s  a reduced  w idth  f o r  decay in  channel a .
5 8 .
Comparing e q u a t io n  2.52 w i th  2.54 shows t h a t
T = W  - ___ ^  —  2 -5 6 ‘
Y (e - e g) z + V4 r G2
Eq.2 .54  i s  th e n  w r i t t e n  in  th e  form
—FI c , a (y ,a ) = S  
YG
2.57 .
where a yG has  the  B re i t -W igne r  form
-  _ tt' r Gyr G
yG g (e - e^  + 1/ 4r r^
2 .58 .
The only  f a c t o r  which remains t o  be de te rm ined  i s  Ba , t h e  decay p r o b a b i l i t y  
f o r  channel  a .  From e q . 2 .5 0  and 2.52
FI
’ay T B *yDa 2.59 .
Under th e  assumption t h a t  a compound nuc leus  l e v e l  la> can be decomposed
i n t o  a l i n e a r  combination  o f  T*" and T> s t a t e s ,  i t  can th e n  be shown t h a t
N = Z n u cle i.
( 1 - e 2) e ' 2
ao ( l - e ^ ) ^ ( T  +Tn) + +Tn) +
£2 ( 1 - e ' 2)
+ ezq ( T  +Tn) + ( 1 - s ' z){ E i (T ptTn ) +ZTa }
2 .60 .
One o f  t h e  p a ram e te r s  o f  the  decay p r o b a b i l i t y  i s  the  i s o s p i n  
mixing pa ram e te r  e. e' i s  g iven  by
e ’ = e£ d >/<D > -------  2 .61 .
The t r a n s m i s s i o n  c o e f f i c i e n t s  a re  c a l c u l a t e d  in th e  framework of  th e  o p t i c a l  
model. The method w i l l  be e x p la in e d  i n  C hap te r  4.
( i i )  El and E2 d i r e c t  p r o c e s s e s .
The d i r e c t  p r o c e s s  c ro s s  s e c t i o n s  a r e  p r o p o r t i o n a l  t o  m a t r ix  
elements  taken  between i n i t i a l  and f i n a l  s t a t e s  o f  th e  El o r  E2 o p e r a t o r .  
The i n i t i a l  s t a t e  i s  t h a t  o f  th e  t a r g e t  in  i t s  ground s t a t e  p lu s  an a lpha  
p a r t i c l e  in  a s c a t t e r i n g  s t a t e .  The f i n a l  s t a t e  c o n s i s t s  o f  th e  co re p lu s  
a lpha  p a r t i c l e  i n  a bound o r b i t a l .  For El d i r e c t  c a p t u r e ,
öc,(a,r) 64ir2ma kY3 2.62,
5 9 .
where
££’m T31') r i Yl m ^ i ^ T£ , o> 2.63
and f o r  E2 c a p tu r e
where
^ 2 ( 0 ’Y)
167T2mnk y 5
75fi2k a W * * ,+1) I T
( 2 ) ,2
Z Z 1 m’
T &  = 
Z Z  *m <¥. l i e ? ( l - T 3 i ) r .2 Y 2ni(tli ) | ' » f . >Jim' 2 Z ' o
2.64
2.65
( i i i )  El and E2 semi d i r e c t  p r o c e s s e s .
Two ty p e s  o f  semi d i r e c t  p ro c e s s  a re  co n s id e re d  f o r  El 
r a d i a t i v e  c a p t u r e .  In t h e  f i r s t ,  th e  G.D.R. i s  e x c i t e d  by a Coulomb i n t e r ­
a c t i o n  wi th  th e  a lpha  p a r t i c l e .  In th e  second,  t h e  e x i s t e n c e  o f  a 1 T=0
resonance  i s  p o s t u l a t e d  (On 70) which e x c i t e s  the  1 T=1 resonance  through
i s o s p i n  mixing o f  t h e  two s t a t e s .  The c ro s s  s e c t i o n  f o r  t h e s e  two p ro c e s s e s  
i s
2TTmr,kv 3
27h“kI lz' U + £ , + l ) e 2S£
2
2.66
where
(1) _ 9 (fie) 3 Tny / u £ n y r 2clr 
‘  e G3 E„-E j-EG^ i r G
2.67
where F i s  a form f a c t o r  f o r  t h e  two p r o c e s s e s  g iven  in  Sh 75.
E x c i t a t i o n  of  a c o l l e c t i v e  E2 e x c i t a t i o n  o f  th e  core can occur  by 
a n u c l e a r  i n t e r a c t i o n  o f  th e  a lpha  p a r t i c l e  and c o re .  The p a r t i c l e - v i b r a t i o n  
coup l ing  i s  assumed t o  be o f  t h e  form
H l n  £ Y a 0 0 9R^ m 2m 2m 2.68
where a2m i s  th e  o p e r a t o r  c r e a t i n g  a c o l l e c t i v e  E2 s t a t e ,  and Va i s  th e  a lpha -  
core  n u c l e a r  p o t e n t i a l .  The m a t r i x  element  f o r  t h i s  p ro c e s s  i s
( 2 )  _ 2S(fic)5r Gy /uh a V re /3 R n )7 ; . ' r 2d r
« '  _ e 2AR0EG^  Ea -Et -EG+ ^ i rG
and th e  c ro s s  s e c t i o n
gE2(°GY)
lÖ T T m ^ k y
15h2L E£ f (2A'+l ) (A ’2001 Z C l f e2S,
^2)
Z Z '
2.69
2.70
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where is a spectroscopic amplitude of the alpha particle in the residual 
nucleus.
Methods of calculating the wave functions which appear in these 
equations will be discussed in Chapter 4.
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CHAPTER 3
E x p e r im e n ta l  C o n s i d e r a t i o n s
3 . 1 . 1 .  I n t r o d u c t i o n
The A.N.U. 10" Nal (T&) s p e c t r o m e te r  i s  d e s ig n e d  t o  d e t e c t  h ig h  
e n e rg y  0 1 0 - 3 0  MeV) gamma r a y s  from  low c r o s s  s e c t i o n  O l p b )  r a d i a t i v e  
c a p tu r e  r e a c t i o n s  i n  t h e  p r e s e n c e  o f  h ig h  b ackg round  r a t e s .  I t  i s  s i m i l a r  
t o  one c o n s t r u c t e d  a t  S t a n f o r d  U n i v e r s i t y  (Su 6 8 ) .  D e t a i l e d  r e p o r t s  have  
been  made o f  i t s  c o n s t r u c t i o n  (B1 71, Fo 74) and t h e s e  w i l l  n o t  be r e p e a t e d  
h e r e .  In  F ig .  3 . 1 ,  a s c h e m a t ic  d iag ram  o f  t h e  s p e c t r o m e te r  i s  shown. I t s  
o p e r a t i o n a l  f e a t u r e s  w i l l  be d e s c r i b e d  t o g e t h e r  w i th  t h e  e l e c t r o n i c s  sy s tem  
d e s ig n e d  t o  p r o c e s s  s i g n a l s  from th e  i n s t r u m e n t .
3 . 1 . 2 .  D e s c r i p t i o n  o f  t h e  S p e c t r o m e te r
( i )  The c r y s t a l  and 60 A.V .P. p h o t o m u l t i p l i e r
The s p e c t r o m e te r  i s  b a s e d  on a 92 q" d i a m e te r  by 10" c y l i n d r i c a l  
NaI(T£) c r y s t a l  s u p p l i e d  by t h e  Harshaw Chem ical Company. T h is  i s  o p t i c a l l y  
co u p le d  th ro u g h  a s h o r t  l i g h t  p i p e  ( d / £ » l )  t o  an Amperex 60 A .V .P . p h o to ­
m u l t i p l i e r  t u b e .  The 60 A .V .P . h a s  a g a in  o f  108 a t  3000 v o l t s ,  and an 
i n t r i n s i c  p u l s e  r i s e  t im e  o f  2 . 5 n s .  I t  i s  o p e r a t e d  w i t h  n e g a t i v e  H.V. on th e  
p h o to c a th o d e ,  and th e  anode i s  D.C. c o u p le d  u s in g  a 50ft lo a d  r e s i s t o r .  In  
p r a c t i c e ,  t h e  v o l t a g e  waveform had  a r i s e  t im e  o f  a p p ro x im a te ly  7 0 n s .  w i th  
s a t u r a t i o n  o c c u r r i n g  a t  a b o u t  8 v o l t s .  T iming was im proved  by c a b le  c l i p p i n g  
t h i s ^ p u l s e  w i th  1 4 f t .  o f  50ft c a b l e  a t  t h e  r e c e i v i n g  end o f  t h e  anode t r a n s ­
m is s io n  l i n e .  The c l i p p i n g  l i n e  was t e r m i n a t e d  w i th  a 3ft r e s i s t o r  w hich  
r e d u c e d  p o s i t i v e  o v e r s h o o t  o f  t h e  f a l l i n g  p u l s e  edge . A f t e r  c l i p p i n g ,  th e  
r i s e  t im e  was a b o u t  5 0 n s .
B ecause  t h e  p h o to c a th o d e  i s  a t  a n e g a t i v e  h ig h  p o t e n t i a l  
O 2000  V ) , a l a r g e  f i e l d  g r a d i e n t  can e x i s t  a c r o s s  t h e  g l a s s  f a c e  o f  t h e  tu b e  
which i s  a t  g ro u n d  p o t e n t i a l .  T h is  can c a u se  a h ig h  i n i t i a l  d a rk  c u r r e n t ,  
and so t h e  H.V. power s u p p ly  was a lw ays l e f t  on.
( i i )  The NE102 p l a s t i c  A .C .S .
An a n n u lu s  o f  ty p e  NE102 s c i n t i l l a t o r  p l a s t i c  s u r r o u n d s  t h e  
c r y s t a l .  T h is  i s  a b o u t  3" t h i c k .  The f r o n t  f a c e  o f  t h e  c r y s t a l  i s  co v e re d  
w i th  a p i e c e  o f  NE102 a b o u t  1 /^ "  t h i c k ,  and t h i s  a s sem b ly  a c t s  as  t h e  a n t i -
62 .
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coincidence shield. The front cap-is faced with a 2cm thick layer of LiC03 
doped paraffin wax, its purpose is to moderate and remove neutrons in the 
non-radiative 6Li(n,a)T reaction (6Li has an isotopic abundance of about 7.5%). 
The mass absorption coefficient for paraffin wax is roughly 10_1cm2g_1, so 
that the neutron flux will be attenuated by 20% in 2cm of wax. for the 
6Li(n,a)T reaction is 1000 b. The concentration of LiCÜ3 is unknown in the 
wax so the effect of this is not known. Experiments did show, however, 
that with concentrations of about 30 or 40% of LiCÜ3 in wax, Compton 
scattering of high energy gamma rays was increased over wax with no LiC03' 
present.
The plastic scintillator has a rise time of ^20ps. (Ca 74).
The whole A.C.S. is viewed by eight XP1030 phototubes. These are ten stage 
photomultiplier tubes with an intrinsic pulse rise time of 7ns. at 1400 V.
The anodes are D.C. coupled to a summing impedence matching network.
(iii) Construction and collimation of spectrometer
Surrounding the crystal and A.C.S. is a lead shield about 12cm 
thick. In addition to this, another 12cm of lead bricks are placed on the 
top of the spectrometer. The front face of the A.C.S. has a 12cm thick plate 
shielding the crystal from radiations emanating from the reaction under 
investigation.
The complete assembly which consists of the crystal, A.C.S. 
and lead shield is supported in a steel case. This is mounted on a rotating 
carriage so that the spectrometer may be rotated about a vertical axis 
containing the target, allowing angles of observation from zero to 150° to 
the beam direction. The separation of the spectrometer from the target may 
be varied by means of a lead screw which slides the spectrometer on its bed 
which is an integral part of the rotating carriage.
The centre of the front lead shielding plate is removed to 
allow different collimators to be inserted. Two collimators were used in 
these experiments. They were lead cylinders about 14cm. thick with conical 
sections removed from their interiors. A LiCÜ3 doped wax frustrum fills 
their interiors. The collimator used depends on the reaction under investi­
gation and the resolution required. The geometries used in the present 
experiments are shown in Fig.3.3. Collimation with the smaller solid angle 
gave slightly better resolution which was about 6% F.W.H.M. of the full energy 
peak. Excitation functions were measured with the 110 msr. geometry
Fi
g.
3.
2.
 
Th
e 
pe
rs
pe
x 
ta
rg
et
 c
ha
mb
er
. 
Th
e 
tw
o 
co
ll
im
at
io
n 
ge
om
et
ri
es
 u
se
d 
to
 m
ea
su
re
o,c
pop
cd <De x•H P
CO 
0 p
e g
o• cd
<•---'  rQ
o
p
toa>a)pt>oO)nd
toPo
•HP3rQ
•Hpp
to
•H
Gd
p
cd
r-H
top
cd
P
cd
toidP
cd5
P P  O  O (D LO
bO r-lP
cd nd
* g
0
P rd O  O P  p sdS 0 d  o o 0 P 5 > P  P  O CD£ £ 43o
to *H 0  d p  d  
^  cd cj P e 
X  cd
r— I P-| 0^ Ü ^d 
S  co ■TdCO P  r-t
tono•H
poc3
p
do*HPCd
P•HOxCD
d O
cd *H
s  <D p  •h .d cdr-l P  > 
rH PO CD CD O > tO CDd  -H o(=: rC ,cd o p  cd o 
pCD O to P  P  CD 0 eop
0  bO 
bO d  
cd cd p  *H
O  P  r - l0 P • 
P-, cd O
to o  d be
am
 d
ir
ec
ti
on
. 
(D
im
en
si
on
s 
ar
e 
in
 i
nc
he
s)
.
64
no
.2
 e
xc
ita
tio
n 
fu
nc
tio
ns
65 .
and a n g u la r  d i s t r i b u t i o n s  w ith  t h e -75 msr. geom etry. The a t t e n u a t io n  o f  the  
gamma f lu x  in  th e  p a r a f f i n  wax i n s e r t s  i s  about 20%, whereas th e  f a s t  n eu tro n  
f lu x  a t t e n u a t i o n  i s  rou g h ly  70%.
3 .1 .3 .  T a rg e t  Chamber
The same t a r g e t  chamber was used  in  a l l  th e  experim en ts  d e s c r ib e d  
h e r e .  I t  was a s im ple  p e rsp e x  tube  1 .5"  in  d ia m e te r  and w ith  a w a ll  th i c k n e s s
o f  3/ 16" .  This a t t e n u a t e s  th e  gamma f lu x  by rough ly  1% (E >10 MeV) . The
Y ~  r
t a r g e t  chamber i s  shown in  F i g . 3 .2 .
3 .1 .4 .  A t te n u a t io n  by th e  T a rg e t  Backing
Gamma ra y s  emerge from th e  t a r g e t  in  e i t h e r  t r a n s m is s io n  o r  r e f l e c ­
t i o n  geometry depending on th e  ang le  a t  which the  s p e c tro m e te r  i s .  For ang les  
l e s s  th a n  90° , t r a n s m is s io n  geometry was employed. A ll  t a r g e t s  were ev ap o ra ted  
on to  Au b la n k s  1" x 1" and th ic k n e s s  t .  The a c tu a l  d i s t a n c e  a gamma ray  had 
to  t r a v e l  th rough  th e  gold  depended on th e  s c a t t e r i n g  ang le  0 as :
x = t . 10 ~6/ c o s (0-45) 0<9O° - - -  3 .1 .
where t  i s  th e  th ic k n e s s  o f  Au in  yg.cm-2 ( 9 . 8 . 105y g . cm-2 ) . The gamma ray  
a t t e n u a t io n  i s  th e n  g iven  by:
n (x )  = n (o) ex p (-a (E )x )  ----  3 .2 .
where a(E) i s  th e  a t t e n u a t i o n  c o e f f i c i e n t  in  cm2g_1. a(E) was o b ta in e d  from a 
curve g iven by Marion and Young (Ma 68) f o r  Pb. I t  was p a ra m e te r i s e d  as:
ct(E) = 0.0378 + 0.001279E - - -  3 .3 .
w ith  E in  MeV.
For example, th e  maximum a t t e n u a t i o n  occurs  when 0 = 0 ,  then  f o r  a 13 MeV 
gamma ray  th e  a t te .n u a t io n  i s  13%. This  c o r r e c t io n  was in c o rp o ra te d  i n t o  a 
computer code which f i t t e d  a n g u la r  d i s t r i b u t i o n s .
3 .1 .5 .  I n t e r a c t i o n s  in  th e  C r y s ta l
A com plete h i s t o r y  o f  th e  energy o f  a gamma ray  from th e  tim e i t  
e n te re d  th e  c r y s t a l  to  th e  tim e an e q u iv a le n t  l i g h t  p u ls e  o ccu rred  would 
demand a complete t r e a t i s e  on th e  i n t e r a c t i o n  o f  gamma ray s  w ith  m a t te r  
( e .g .  Se 6 0 ) .  Only th e  m ajor a s p e c t s  w i l l  be b r i e f l y  touched  upon.
T h e o r e t i c a l  c a l c u l a t i o n s  and experim ent show t h a t  in  th e  energy 
i n t e r v a l  under c o n s id e r a t io n  (10-20 MeV), th e  dominant c ro s s  s e c t io n  i s  p a i r
66 .
p r o d u c t i o n  with  i t s  well-known Z2 dependence.  The energy o f  the  p a i r  i s
E - 2m^c2 where m„ i s  th e  r e s t  mass o f  an e l e c t r o n .  There i s  a smal l  y o o
CJIStjfliffjetry i n  the  energy  d i s t r i b u t i o n  due t o  th e  e l e c t r o s t a t i c  f i e l d  o f  the  
n u c l e u s .  The average  ang le  between th e  p a i r  i s  d e f in e d  by
<0> = / 0 a  CO) d f t / / a (0) dß - - -  3 . 5 .
which i s  given  app rox im ate ly  by
<0> -  2m0 c 2/Ey ----  3 . 6 .
Consequen t ly ,  most p a i r s  produced t r a v e l  i n t o  t h e  c r y s t a l  w i th  a 
smal l  an g u la r  d iv e rg e n ce  ( e . g .  <0>^6° a t  Ey = 10 MeV).
I f  i t  i s  assumed t h a t  th e  energy i s  d iv id e d  e q u a l l y  between the  
p a i r ,  then  f o r  a 15 MeV gamma r a y  each l e p to n  w i l l  have ro u g h ly  7 MeV k i n e t i c  
energy.  These l e p to n s  may then  p ro p a g a t e  th rough the  c r y s t a l  l o s i n g  energy 
in  bremss^tahlung and c o l l i s i o n s  w ith  e l e c t r o n s .  A 7 MeV e l e c t r o n  i s  u l t r a  
r e l a t i v i s t i c  (v / c^99.8%),  b u t  i t s  i n t e r a c t i o n s  w i th  atomic n u c l e i  depends on 
th e  e f f e c t i v e  i n t e r a c t i o n  d i s t a n c e .  Th is  i s  given  by t h e  u n c e r t a i n t y  
p r i n c i p l e  as
AxMi/Ap ----  3.7
where Ap i s  t h e  momentum t r a n s f e r  i n v o lv e d .  I f  Ax<<R0 where R i s  t h e  atomic 
r a d i u s ,  t h e n  t h e  i n t e r a c t i o n  t a k e s  p l a c e  e s s e n t i a l l y  in  t h e  Coulomb f i e l d  of  
th e  n u c l e u s .  On th e  o t h e r  hand ,  i f  Ax>>R0 , th e  i n t e r a c t i o n  i s  o u t s i d e  the  
atom and the  n u c l e a r  f i e l d  i s  sc reened  by t h e  atomic e l e c t r o n s .
For an i n c i d e n t  energy
T = lOOhu) m0c2 CE0EZ/3) _1
where E
In t h e  complete s c r e e n i n g  l i m i t  ( r ~ 0 ) , t h e  e l e c t r o n  p a s s e s  th e  
n u c leu s  a t  l a r g e  d i s t a n c e s  compared wi th  t h e  atomic r a d i u s .  In the  l i m i t  of  
no s c r e e n i n g  (r>>l) ,  t h e  e l e c t r o n  moves c l o s e  t o  t h e  nuc leus  and r a d i a t e s  in  
a p o t e n t i a l  Ze. S ince  f o r  Nal ,  <Z> = 45,  t h e  s c r e e n in g  p a ra m e te r  e q . 3 .8  
becomes
r NaI 14.37 3.9
I f  E0 = 7 MeV, f o r  sm a l l  ttw, % a j - 0 , t h a t  i s ,  th e  no s c r e e n i n g  l i m i t  a p p l i e s .  
In t h i s  l i m i t ,  t h e  d i f f e r e n t i a l  energy lo s s  ( t o t a l  energy r a d i a t e d  p e r  cm. 
o f  pa th )  can be w r i t t e n  ( e . g .  Jackson p .518)
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where y is defined by EQ = ym0c2 , N is the number of nuclei per cm3 and A 
is a numerical adjustment of the order of 2*. At E0 = 7 MeV, eq.3.10 gives
dERAD/dx] M v 7 MeV
2.7 MeV. cm-1
On the other hand, the collisional energy loss is approximately
dEcoll/dx 47rNZe4mov2
3L 9 2
,Y 2nuc2/ 1 “ m - . c “  \ 
{£n (v/2h<oo> )" C2
'coll/dx I7 MeV
3.11
3.12
where h<w> is the mean ionisation potential of the target atoms. 
h < 0)> = 562 ev (Shafroth p.283). Consequently, at E0 = 7 MeV,
- 8.6 MeV.cm-1
For Nal.
3.13
and the ratio of radiative to collisional energy loss is about 32%.
The leptons penetrate into the crystal losing energy by radiation 
and collision. A 6 MeV electron has a mean range of -6.8 mm in Nal and a 
maximum range of -13.38 mm. Both positrons and electrons behave similarly 
until they become thermalised. The positron is able to annihilate with an 
electron producing two gamma rays which will have a combined energy of 
1.02 MeV if the positron annihilated at rest. It was found that' an escape 
peak could be seen in good statistics spectra. This is from the undetected 
escape of one 0.511 MeV quantum which leaves via the front face of the crystal 
The geometry of collimation is such that the escape of two quanta is unlikely. 
One escaping gamma ray implies that the other is propagating into the crystal 
or through appreciable Nal (grater than the mean free path of 2.7 cm.).
* Some parameters for Nal are:
p = 3.665 g.cm-3 
<Z> - AS 
<A> = 111
N = 1.824 IQ22 atoms cm-3 
Mean free path of 1 MeV gamma ray is 4.67 cm.
The average range of an electron in Nal is given by (Shafroth, p.288)
S - 0.0603[e(l-0.003c) - 0.29] cm. 
where e is in units of m Qc2 .
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3.1.6. Cosmic Rays
Scintillation detectors on the earth's surface are subjected to the 
cosmic ray flux. This is divided into two approximate classes, hard and soft 
radiation.
The former consists of fast mesons which have energies up to 
several GeV, and the latter of photons and electrons up to 100 MeV. It is 
relatively easy to shield from the soft component with lead for example, 
but the meson component is extremely penetrating radiation. The average ' 
energy loss of a fast y meson in Pb is 10 MeV.cm 1, and in Nal 5 MeV.cm-1. 
Careful calculations of the thickness of Pb required to absorb the secondary 
radiation produced by a y meson in the shield have been made. For example, 
for an incident energy E0, some values are as below:
Eo 102 keV 104 BeV 106 BeV
Thickness (cm) 19 28 36
The A.N.U. spectrometer is shielded by cylindrical Pb shielding 
and has additional lead shielding bricks on top. The combined thickness is 
about 24 cm. The plastic A.C.S. serves to reject radiation which penetrates 
the Pb. Fast mesons lose roughly 15 MeV in the plastic scintillator, and 
about 45 MeV in the crystal. The Pb shield on top of the spectrometer is 
about 24 cm thick, or 240 MeV equivalent energy loss for fast mesons. This 
is sufficient to absorb all the soft component of the cosmic flux, but not 
sufficient to absorb secondary cosmic radiation produced in the lead by y 
mesons. The A.C.S. effectively rejects showers caused by fast mesons in the 
lead. One particular component of the hard meson flux requires special 
rejection techniques. y+ mesons which have energies less than about 350 MeV 
pass through the lead shield losing about 240 MeV. These may then come to 
rest in the Nal, and decay into positrons with a well-known half life of 
2.2ys.
Consequently, delayed radiation with respect to a pulse in the A.C.S. 
can occur. If the timing requirement for coincidence of a plastic A.C.S. and 
Nal pulse is less than 2.2ys, a considerable number of these pulses will be 
accepted as genuine events in the crystal. According to Suffert et.al*, the 
count rate of delayed events is roughly 4s-1 in the region 10 to 60 MeV in 
a similar spectrometer to this one. These are approximately uniformly dis­
tributed over the energy interval so that in the range 10-20 MeV, roughly ^3 
count per second can be expected. This would be unacceptable in radiative 
capture experiments. The electronic logic necessary to discriminate against 
this type of event will be described below.
* (Su 68).
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3.1.7. Rationale of Signal Analysis
The problem of cosmic originated pulses in the spectrometer has been 
described above. The requirement of the logic system to discriminate against 
these types of signal is to sample pulses from the A.C.S. and Nal and test 
for coincidence. If this exists, to reject the Nal event. This same logic 
will reject events in the crystal which subsequently loose energy outside the 
volume of Nal in brems trail lung or annihilation radiation.
Secondly, at high count rates pile up of lower energy pulses into 
the full energy peak can occur. It is therefore desirable to minimise this.
3.1.8. Electronics System
In Fig.3.3, a block diagram of the system used to process signals 
from the spectrometer is shown. All the modules are standard Ortec or 
Canberra units except for the 20ys gate generator. Not shown in the Fig. are 
the phototube power supplies which are two Fluke H.V. units. The 60 A.V.P. 
tube is driven by one of these units which can supply the high standing 
current requirement of 15ma in the dynode resistor chain. This is set at a 
nominal voltage of -2160V on the dials. The second Fluke supply drives the 
eight XP1030 tubes through a voltage divider mounted on the spectrometer.
This has a nominal output of -2250V. Other items not shown in Fig.3.3 are 
an Ortec 113 preamplifier connected to the 9 ^  dynode of the 60 A.V.P. tube, 
and the fast summing amplifier for the eight XP1030 tubes. Fast timing 
signals are transmitted to the control room via several hundred feet of high 
quality 500 cable (UR67) which gave negligible distortion or attenuation of 
the pulse.
Fast anode signals from the 60 A.V.P. phototube are cable clipped 
from about 70ns. rise time to about 50ns. This clipped pulse is applied to 
the input of an Ortec 453 C.F.T.D. set in leading edge mode. If the pulse 
height is above threshold as determined by a front panel helipot setting, the 
453 is triggered and generates standard positive and negative logic pulses.
The positive logic pulse then opens the Canberra 1454 linear gate (after 
suitable delay in a Canberra 1455A logic shaper and delay) to allow the cor­
responding linear signal through. Linear signals are derived from the 9^h 
Dynode of the 60 A.V.P. phototube, preamplified by an Ortec 113 and amplified 
by an Ortec 410 amplifier in double delay line mode. One of the fully 
buffered outputs drives an Ortec 449 ratemeter through a Canberra 1437 S.C.A. 
The level of this S.C.A. is set to correspond to about 1 MeV, so that the
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t o t a l  r a t e  in  t h e  Nal above 1 MeV i s  i n d i c a t e d  by th e  r a t e m e t e r .  Small 
p u l s e s  which o r i g i n a t e  mos t ly  in  b rem s t ra h lung  p ro c e s s e s  a re  removed from 
th e  a m p l i f i e d  l i n e a r  s i g n a l  by an O r tec  408 b i a s  a m p l i f i e r .  I t  was found 
t h a t  i f  t h i s  were no t  done,  t h e  1454 l i n e a r  g a te  became p a r a l y s e d .  The 
Canberra  1457 de l a y  i s  n e c e s s a r y  f o r  c o r r e c t  t im ing  between l i n e a r  and ga te  
s i g n a l s .
On th e  p l a s t i c  A.C.S.  s i d e ,  summed anode p u l s e s  from th e  8 XP1030 
pho to tu b es  a re  de layed  f o r  65ns i n  an A.N.U. de lay  box.  This  p u l s e  i s  
a m p l i f i e d  by an O r tec  454 T .F .A . ,  t h e  o u tp u t  o f  which t r i g g e r s  a 100 MHz d i s ­
c r i m i n a t o r .  As mentioned e a r l i e r ,  th e  60 A.V.P. anode p u l s e  g e n e ra te s  a nega­
t i v e  l o g i c  s i g n a l  i f  above t h r e s h o l d  o f  t h e  453 C.F.T.D. This p u l s e  s t a r t s  
a 1443 T.A.C. which i s  s topped  by th e  ou tp u t  o f  t h e  436 100 MHz d i s c r i m i n a t o r .  
(Through s u i t a b l e  de l a y  in  two Canberra  31ns.  d e l a y s ) .  The r e s o l v i n g  t ime 
o f  th e  T.A.C. was 500ns. This  r e s o l v i n g  t ime was found adequa te  to  in c lu d e  
th e  complete t ime spectrum g e n e ra te d  by 60 A.V.P. anode s t a r t  s i g n a l s  and 
p l a s t i c  A.C.S.  s t o p  s i g n a l s .  I f  two p u l s e s  a r r i v e  w i t h i n  t h i s  t ime i n t e r v a l ,  
an i n t e r n a l  S.C.A. p u l s e  i s  g e n e r a t e d .  This  s t a n d a r d  p o s i t i v e  l o g i c  p u l s e  
t r i g g e r s  an A.N.U. g a t e  g e n e r a t o r  which i s  m odi f ied  t o  p ro v id e  a 20ys.  ou tpu t  
p u l s e .  This  p u l s e  has  two p u rposes :
(a) To r o u t e  th e  r e j e c t e d  spectrum i n t o  p a r t  o f  t h e  IBM 1800 memory.
(b) To b lo c k  th e  accep ted  spectrum r o u t i n g  p u l s e .
20ys i s  chosen as the  b lo c k in g  p u l s e  t ime because  i t  i s  rough ly  t e n  
h a l f  l i v e s  f o r  t h e  decay
p+ \T + + e+
y e
and can t h e r e f o r e  be expec ted  t o  e f f e c t i v e l y  r e j e c t  p u l s e s  a s s o c i a t e d  with  
t h i s  event  in  t h e  c r y s t a l
e+ + e~ -> 2y
The accep ted  spec trum r o u t i n g  s i g n a l  i s  e s s e n t i a l l y  t h e  p o s i t i v e  
l o g i c  s i g n a l  from the  453 C.F.T.D. This i s  p as sed  by the  Canberra  1446 
Coincidence  u n i t  t o  r o u t e  th e  l i n e a r  s i g n a l  i n t o  the  acc ep ted  spec trum u n le s s  
i t  i s  b locked  by th e  20ys r e j e c t  p u l s e .
Consequen t ly ,  every  Nal l i n e a r  p u l s e  which i s  pa s s ed  by the  1454 
l i n e a r  g a t e  has a s s o c i a t e d  wi th  i t  a r o u t i n g  s i g n a l  d i r e c t i n g  i t  t o  e i t h e r  
th e  accep ted  o r  r e j e c t e d  p a r t s  o f  the  I .B.M.1800 memory. An advantage of  
t h i s  system i s  t h a t  bo th  s p e c t r a  a re  p ro c e s s e d  by i d e n t i c a l  l i n e a r  e l e c t r o n i c s ,  
th e re b y  a v o id in g  problems  o f  ga in  n o r m a l i s a t i o n  in  two independen t  a m p l i f i e r s .
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Both th e  accep ted  and r e j e c t e d  s p e c t r a  can be viewed on a v i s u a l  d i s p la y  u n i t ,  
and a nom inated f r a c t i o n  o f  one may be s u b t r a c t e d  from th e  o th e r .*
Gain changes o f  60 A.V.P. p h o to tu b e .
I t  was found t h a t  th e  ga in  o f  th e  p h o to m u l t i p l i e r  tu b e  v a r i e d  w ith  
th e  count r a t e  (and hence th e  c u r r e n t  in  th e  dynode c h a i n ) . This could  be 
checked u s in g  th e  b u i l t - i n  l i g h t  so u rces  o f  th e  s p e c tro m e te r .  These a re  two 
M ulla rd  D.M.160 l i g h t  e m i t t in g  t r i o d e s  i n s e r t e d  in  th e  l i g h t  p ip e  coup ling  
th e  Nal c r y s t a l  t o  th e  fa c e  o f  th e  p h o to tu b e ,  and a re  d r iv e n  by a power ' 
supply  w ith  0.1% s t a b i l i t y  which en su re s  t h a t  th e  em ission  spectrum  i s  con-
O
s t a n t .  A re g io n  o f  th e  spectrum  from 3600-5000A i s  s e l e c t e d  by u s in g  Kodak 
47B f i l t e r s  over th e  l i g h t  s o u rc e .
I f  th e  p u ls e  from th e  l i g h t  so u rces  ( th e  two s o u rc e s  were p u lsed  
s im u l ta n e o u s ly )  was s e t  in  a p a r t i c u l a r  channel o f  th e  p u ls e  h e ig h t  a n a ly z e r  
d i s p l a y ,  then  changes in  g a in  o f  th e  p h o to tu b e  w ith  count r a t e  could  be 
m on ito red .  For a change in  beam i n t e n s i t y  o f  two, then  th e  r e f e r e n c e  peak 
changed by about i V f o . To overcome t h i s  problem , a t  th e  s t a r t  o f  each ru n ,  
th e  r e f e r e n c e  peak was s e t  in  a p a r t i c u l a r  channel ( th e  same channel f o r  each 
r u n ) ,  and th e  beam i n t e n s i t y  m o n ito red .  The beam c u r r e n t  m e te r  had p ro v is io n  
f o r  a u to m a t i c a l ly  s to p p in g  d a t a  c o l l e c t i o n  i f  th e  c u r r e n t  in c re a s e d  o r  de­
c re a se d  o u t s id e  p r e s e t  l i m i t s .  By keep ing  th e  i n t e n s i t y  c o n s ta n t  to  w i th in  
about ±15%, no change in  g a in  due to  count r a t e  o ccu rred  d u r in g  a ru n .  The 
s t a b i l i t y  o f  th e  EN tandem i s  such t h a t  t h i s  c o n d i t io n  i s  e a s i l y  met, and th e  
c o l l e c t i o n  o f  d a ta  i s  n o t  c o n t in u o u s ly  s to p p in g  and s t a r t i n g .  In f a c t ,  th e  
s t a b i l i t y  o f  th e  beam was g e n e r a l ly  about ±5% over th e  d u r a t io n  o f  a ru n ,  
about one hour.
3 .1 .9 .  P u lse  P i le - u p
Anode p u ls e s  from th e  60 A.V.P. p h o to tu b e  a r r i v e  a t  a r a t e  R s “ 1 .
The p r o b a b i l i t y  o f  n p u ls e s  a r r i v i n g  in  a tim e i n t e r v a l  t  i s :
P ( n , t )  = [ ( V T) n /n ! ] e x p ( - t / T )  ----  3 .1 4 .
where t i s  th e  average  tim e between s u c c e s s iv e  p u l s e s ,  t = 1/R.
P i l e  up o f  anode p u ls e s  occu rs  when two o r  more p u ls e s  a r r i v e  w i th in  
th e  r e s o lv i n g  tim e o f  th e  anode d i s c r i m in a t o r  c i r c u i t .  The number o f  p u ls e s  
a r r i v i n g  in  t h i s  t im e , Ta a l s o  has a P o isson  d i s t r i b u t i o n .  The p r o b a b i l i t y
* In  Appendix B, a l i s t  o f  t y p i c a l  in s t ru m e n t  s e t t i n g s  i s  g iven  f o r  f u tu r e  
u s e r s  of th e  system.
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of n pulses arriving in a time interval xa is
[(RTa)n/n!]exp(-RTa) —  3.15.
The number of events per second where n pulses arrived in a time interval 
$x_ will therefore becl
(no. of intervals per (probability of n pulses arrivingx
sec. of length xa) in time interval £xa)
i-e. (1 /x„) x [(RTa)n/n!]exp(-Rxa) --- '3.16.d
For example, the rate of single pile up (n=2) is
[(1/xa)(RTa)2/2!]exp(-RTa) —  3.17.
double pile up
[C x aD (RTa) 3/3!]exp(-Rxa) --- 3.18.
and so on.
The measured rate of anode pulses is about 20.103s-1 in the range 
1 to 20 MeV, and the resolving time of the anode circuit about 100ns. 
Consequently, the single pile up rate is about 20.s-1. The double pile up 
is down by three orders of magnitude. However, this is the total pile up 
rate to any amplitude. What we require is the pile up rate into the region 
of interest, E0 + A say.
The number of pulses per second per MeV is dR(E)/dE, and the rate 
in an interval dE
(dR(E)/dE)dE --- 3.19.
The total rate R is just eq.3.19 integrated over energy ? i.e.
R = Z(dR(E)/dE)dE --- 3.20.
cl
where a is an arbitrary lower limit of integration. In the discussion above 
it was taken as 1 MeV.
The probability of a pulse of energy E and one of energy E' occur­
ring in a time xa will be
P = 0.5xa2R(E)R(E') — 3.21.
and d2P/dEdE' = 0.5xa2(dR(E)/dE)(dR(E')/dE') 
A reasonably realistic form of R(E) is
— 3.22.
R(E) = Aexp(-kE) — 3.23.
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and with this functional form,
d2P/dEdE’ = 0.5k2A2xa2exp(-kE)exp(-kE’) --- 3.24.
It is required that the energies of the two pulses should satisfy
E0 £ E + E* $ E0 + A --  3.25.
that is, the piled up pulse should have an energy in the interval E0 to 
E0 + A. The probability for this is
Eo -kE Eo_E+A_]cgt Eo+A_
P = 0.5k2A2Ta2{ f e dE / r e dE' + f e a o E -E E_o o
k§EEq -E+A/ e" o ^E'} 3.26
Tliis turns out to be
-kE0-5kA -h<A
P = kA2Ta2e e {"sinh^kMEo + ^ -A_q. } --  3.27.
The number of pulses which pile up per second into the region E0 to E0 + A 
is
|kA-kEo-^ kA
P/xa = kA2Tae e {Sinh^kAiEo + 'kJ }
To find the pile up rate in the interval (o,°°) , E0 = 0, A = °°. Then
3.28.
0.5xaA2 s-1 3.29.
But the total rate is A from eqs.3.23 and 3.20, so the total pile up rate 
will be
(0.5/ia) 2 —  3.30.
-3
using eq.3.14 and ignoring the exponential term since Axa-2.10 . Eq.3.30
is the same as eq.3.29 which shows that eqs.3.26 to 3.29 have the correct 
limiting behaviour.
The values of A and k which roughly fit eq.3.23 to the observed 
spectrum of anode pulses are A-20.103 and k = 1.3. Hence with xa = 100ns, 
the pile up rate in the interval 10 to 20 MeV will be approximately one 
every 30 mins.
The effects of pulse pile up were investigated by comparing spectra 
taken at various count rates. As a general rule, if the total pulse rate 
above 1 MeV was kept below 20.103s-1, no observable pile up occurred.
3.1.10. Sources of Background
Residual radioactivity in the crystal produces a well defined 
spectrum without beam on target.
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A part from th e  normal con tam inan ts  in  Nal and r a d i a t i o n  from 
su rro u n d in g  m a t e r i a l s ,  r a d i o a c t i v e  n u c l id e s  a re  produced in  n e u t ro n  c a p tu re .  
During bombardment o f  th e  t a r g e t ,  n e u t ro n s  can i n i t i a t e  'p ro m p t ' ev en ts  in  
th e  c r y s t a l  such as 127I ( n , y ) 128I (o^h = 6 .2 b ,  Q = 6 .8  MeV) and 2 3N a (n ,y )24Na 
( ° th  = 400mb. Q = 7 MeV). 24Na decays to  2LfMg by em ission  w ith  a h a l f  l i f e  
of 15 h o u rs ,  and 24Mg th en  decays t o  i t s  ground s t a t e  w ith  a t o t a l  gamma energy 
o f  4.12 MeV. T h is  p u ls e  i s  f r e q u e n t ly  observed  in  th e  low energy spectrum .
(<9 MeV).
Bombardment o f  carbon w ith  a lp h a  p a r t i c l e s  p roduces  n e u t ro n s  from 
th e  13C ( a ,n ) 180 r e a c t i o n .  At Ea = 7 .88  MeV f a s t  n e u t ro n s  can have a maximum 
energy  o f  9 .7  MeV. Although t h e r e  i s  about 11.5cm o f  p a r a f f i n  wax in  each 
c o l l im a to r ,  ro u g h ly  30% o f  th e  f a s t  n e u t ro n  f lu x  w i l l  n o t  be s to p p ed .  A few 
o f  th e s e  f a s t  n e u t ro n s  may be th e rm a l i s e d  in  th e  Nal c r y s t a l  i n  s c i n t i l l a t i o n  
ty p e  p r o c e s s e s .  F i n a l l y ,  th e  n e u t ro n s  may be c a p tu re d  by 127I .  This  s e r i e s  
o f  ev en ts  cou ld  g e n e ra te  p u l s e s  in  th e  c r y s t a l  which had an e q u iv a le n t  p u ls e  
h e ig h t  o f  th e  n e u t ro n s  k i n e t i c  energy p lu s  th e  Q v a lu e  f o r  c a p tu re  by 127I .  
S ince  th e r m a l i s a t i o n  tim es  of f a s t  n e u t ro n s  a re  ro u g h ly  o f  th e  o rd e r  o f  m i l l i ­
seconds ,  i t  i s  u n l i k e l y  t h a t  t h i s  energy would appear  as one c o h e re n t  p u ls e .  
R a th e r ,  i t  would be sp read  ou t over a t im e  i n t e r v a l  o f  a m .s .  or so . A more 
p ro b a b le  e x p la n a t io n  i s  th e  r a d i a t i v e  c a p tu re  o f  f a s t  n e u t ro n s  by 127I .
For example, t h e  127I ( n ,y )  c ro s s  s e c t i o n  a t  6 MeV i s  0 .03 b a m s ,  
o r  t h e r e  i s  ro u g h ly  a 1% chance o f  r a d i a t i v e  c a p tu re  in  10" o f  N al.
3 .1 .1 1 .  C a l ib r a t i o n  o f  th e  S p ec tro m ete r
The low energy  p a r t  o f  th e  spec trum  can be c a l i b r a t e d  u s in g  an 
Am/Be so u rce .  241Am decays by a lp h a  em ission  w ith  a h a l f  l i f e  o f  458 y.
4 .43  MeV gamma ra y s  a r e  produced  in  th e  8B e ( a ,n ) 12C* r e a c t i o n .  These a re  
prom inant in  th e  spec trum . The n e u t ro n s  produced  can g iv e  th e  fo l lo w in g  
gamma ra y s  127I ( n , y ) 128I Q = 6 .8  MeV. 23N a (n ,y )24Na Q = 7 .0  and p ( n ,y ) d  
Q = 2 .2  o-th = 0 .3 b .  The 4 .12  MeV p u ls e  from th e  decay o f  24Mg 
(24Na-l 24Mg*->4.12 MeV y) i s  u n re s o lv e d  from th e  4 .43  MeV 12C* gamma ra y .
The h igh  energy  p a r t  o f  th e  spectrum  was c a l i b r a t e d  w ith  th r e e  
r a d i a t i v e  c a p tu re  r e a c t i o n s .  These were
1) 12C ( a ,y ) 1 80 Ea = 7.88 EYo = 13.07
2) 27A l ( p ,y ) 28S i Ep = 6.75 EYo = 18.08
3) 11B ( p ,y ) 12C Ep = 4 ,75 Ev = 20.31 To
(E n e rg ie s  a re  in  MeV)
76.
These three gamma rays interpolate the region of interest in radiative 
capture reactions. In Fig.3.4, measured line shapes for reactions (1) and 
(2) are shown. The associated rejected spectra are drawn on a reduced 
scale with vertical lines drawn 500 keV below the centroids of the full 
energy peaks. There is some evidence of the first escape peak in both the 
accepted and rejected spectra.
The resolution of the spectrometer depends on the collimation
geometry employed,being slightly improved for the smaller solid angle colli-
/■
mation (Fig.3.2.). It was generally better than 6% F.W.H.M. of the full 
energy peak.
3.1.12. Rejection Efficiency
Measurements of the rejection efficiency depend on
a) The region of the spectrum under consideration.
b) The beam intensity.
Rejection ratio is defined as:
R = Counts in accepted spectrum 8 Counts in rejected spectrum.
The region of the spectrum where R is measured was taken as 1 MeV 
above the highest energy gamma ray in the spectrum to 25 MeV. In the case of 
the 12C(a,y)150 reaction, this is 14-25 MeV. (Eyo = 13.07 MeV). The results 
obtained were
R = 50081 Beam off.
R = 20081 600na of 4He++ on a C target.
The difference is attributable to the neutron flux from the 
13C(a,n)160 reaction.
3.1.13. Lineshape Fitting
Gamma ray yields were extracted from the measured spectrum using a 
standard line shape from a mono-energetic decay. It was found that the 
measured lineshape changed very little with energy over the region 10 to 20 
MeV. Therefore one standard lineshape was used, the 13.07 MeV gamma ray 
from the 12C(a,Y0)160 reaction. As this lineshape is moved over the energy 
interval, its shape is altered so that the resolution remains constant.
From the calibration of the energy spectrum, the position of the 
Y0 decay is specified. Separation of the first excited state and ground state 
locates the Yi peak and likewise for Y2.
d77.
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The appropriately broadened lineshape is moved to each peak 
position, and a linear least squares routine fits the standard components to 
the complex spectrum. If each standard component is labelled f^(xi) where 
xj denotes channel i and y hasjvalues 1, 2, 3, then the quantity 6 is mini­
mised where
6 = Z — r^j-CS. -Za .f (xV)}2 —  3.31.i 1 y yi h 1
is the number of counts in channel i and Oj2 the variance. The intensities 
of the fitted components is then derived from the values of the coefficients 
a The uncertainties in the intensities are obtained from the diagonal 
elements of the inverse curvature matrix (e.g. Bevington p.154).
In some spectra a flat background was present above the highest 
energy peak due to neutron events and some cosmic radiation which was not 
rejected by the electronic circuitry. In this case, a flat background was 
subtracted from the entire spectrum before fitting the standard line shapes. 
Fitted lines were displayed superimposed on the data on a visual display unit. 
This was used in evaluating the quality of the fit together with the value of 
chisquared which was defined by
X2 = Z -^[S-i - .f (x,)]2 --- 3.32.p a-j/L 1 y yi y^ i;j
By changing the peak positions by one channel, a new fit could be obtained, and 
the best position was taken to be that which gave a good visual fit and a 
minimum value of X2. In some cases these criteria were mutually exclusive, in 
which case a compromise was made between the visual quality of the fit and X2.
In Fig.3.5 examples of fitted data are shown for the reactions
investigated.
3.1.14. Absolute Cross Sections
The efficiency of the spectrometer was defined as
e = no. detected in 6ft/ no. emitted into 6ft --  3.33.
where 6ft is the solid angle of the spectrometer. In order to determine this 
quantity, three standard reactions for producing high energy gamma rays were 
used. These have cross sections which have been reliably measured.
12C(a,Yn)160 .
From the widths given by Ophel et.al. (Op 75) ö(a,y) = 37yb
at Ea = 7.88 MeV. This agrees quite well with the value given by Snover
80
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et.al. (Sn 74) of a(a,Y0) = 44yb. Since there was no preference for either 
value, a mean was chosen of
ö(°t>’Y0) = 41 ± 2.5yb.
27Al(o.v)28Si.
The cross section for this reaction has been measured by 
Allas (A1 64a). At Ey = 18.08 MeV, da/dfi = 6.4 ± O^yb.sr’1.
n B(p,T0)12C.
This has also been measured by Allas (A1 64) . The cross 
section at Ey = 20.31 MeV is da/dft = 4 ± 0.3yb.sr_1.
The uncertainty in the efficiency arises from counting statistics 
target thickness uncertainty and errors in the above cross sections. The 
error bars in Fig.3.6 estimate the total uncertainties involved.
The absolute differential cross section is determined by
do/dft = 0.0637n mClte1)'1 — - 3.34.
nb.sr.~1
where n is the number of gamma rays detected using collimator number i.
(i = 1 or 2). m i s  the mass number of the target. I is the integrated beam 
current in mC. t is the target thickness in yg.cm-2 and e* is the total 
efficiency using collimation geometry i. e* is given in Fig.3.6.
3.1.15. Errors
The error in the determination of the absolute cross section arises 
from the following causes. They may be divided into statistical and system­
atic errors.
The error in the number of counts in the full energy peak contains 
an error due to the fitting procedure and a statistical error given by Tn”.
The error in the fitted intensity varied between about 3 and 15%, and the 
statistical error varied between about 3 and 15% giving a total error of 
between 4 and 21%. The error in the integrated beam intensity was taken to be 
5%. The error in target thickness measurement was about 8%. The error in the 
efficiency of the crystal was 15%.
The statistical error of each datum is about 7% on the average, 
while the systematic error in the absolute differential cross section is 
about 20%.
82.
3.2. Experimental method
3.2.1. The Alpha Beam
Negatively charged alpha particles were produced in a H.V.E.C. 
duoplasmatron and lithium exchange negative ion source. These were acceler­
ated by the A.N.U. EN Tandem Van de Graaff generator, magnetically analysed 
and directed down the appropriate beam line by a switching magnet. The beam 
was focussed through a diameter tantalum collimator about 1 foot from the
target by a quadrupole doublet lens. Typically, 3ya of 4He_ would be produced 
by the ion source giving about 1.2pa of LfIie++ on target at a terminal voltage 
of 4.5 MV. In order to obtain maximum beam on target, both the object and 
image slits of the analysing magnet were set at ±0.150". The measured beam 
resolution under these conditions was about 15 keV. Most data were obtained 
for an integrated beam charge of 2mC. The running time per datum was about 
45 minutes, so the time factor was an important consideration. The statistics 
were often of the order of 10%, but this had to be tolerated in order to com­
plete a reasonable survey.
Beam was maximised by focussing through the ^ 5" collimator and 
monitoring the current on it. At most energies it was possible to focus so 
that the collimator current was zero.
3.2.2. Vacuum
Vacuum in the beam line and target chamber was maintained by a well- 
baffled water-cooled oil diffusion pump. Typically, pressure in the line was 
about 10-5torr. Protection interlocks closed valves at a threshold of about 
10"5torr.
3.2.3. Targets and Beam Integration
Tests showed that integrating the beam on a gold disc in the perspex 
target chamber and in a Faraday cup several meters from the target gave con­
sistent results within 5%. For this reason integrating the beam on the target 
was considered a reliable way of measuring the absolute beam charge. This 
allowed observation at zero degrees to the beam direction. The integrated 
beam charge was digitised by an Ortec charge digitiser and recorded on a 
preset stop scaler which controlled data collection by the IBM 1800 computer.
In the bombarding energy range of interest (4-18 MeV alpha energy) 
it was found that a clean gold blank produced a negligible flux of high energy
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gamma rays. Consequently, a 0.020" thick Au blank was used as a backing 
material for all the targets. Isotopically enriched target material was 
evaporated from a tantalum boat by R.F. induction heating. Monitor foils 
were used to assess the target thickness by precision weighing, and a Sloane 
thickness monitor provided continuous deposition rate information during 
evaporation. Targets susceptible to oxidation (Ca, Fe) were kept under vacuum 
and handled in an atmosphere of dry high purity argon.
Thickness measurements. ,
Besides precision weighing and continuous monitoring of target 
thickness during evaporation, a variety of other methods were used. All the 
methods are summarised below.
(1) Precision weighing.
A weighed monitor foil was placed symmetrically to the target 
during evaporation and weighed afterwards. The accuracy of this method is 
estimated to be about 10% for targets about 1 mg.cm'2.
(2) Deposition monitor.
This method relies on the change in resonant frequency of a quartz 
crystal due to material evaporated onto it. In principal this method is very 
accurate. The change in frequency is measured by the beat frequency. A 
thickness of 1 yg.cm'2 should cause a change of approximately 10 Hz and the 
accuracy of the method should be a few percent.
(3) 13C(P,y)14N resonance measurement.
In the case of the carbon calibration target used, a convenient 
13C(pjY) 1LfN resonance exists at Ep = 1.7476 MeV, E^ = 9.172. The principal 
uncertainty is in estimating the width of the yield curve. This was esti­
mated to be about 10%.
(4) Energy loss technique.
This method relies on knowledge of the stopping power of a material. 
Alpha particles are scattered from the target backing material (Au) into a 
magnetic spectrometer described in Chapter 1. The elastic continuum spectrum 
is observed, and by changing the magnetic field, the position spectrum is 
moved on the P.S.D. The Au backed target is now placed in the beam, and the 
continuum spectrum is again recorded. From the position on the counter and 
calibration of position v.s. field from the first two measurements, the energy 
loss in the target material may be calculated. The uncertainties of this 
method are:
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i) Ascertaining the exact channel numbers of the position spectra. 
The channel number where the distribution had fallen to half its maximum 
height was used.
ii) Uncertainty in the stopping power tables. The tables of 
Williamson et.al. (Wi 66) were used to determine the thickness in pg.cm-2 
from the energy loss. The error of this method was estimated to be about 5%.
iii) If the target material contains contaminants such as oxygen 
or nitrogen, this method will give an unreliable estimate of the thickness 
of the isotope of interest.
(5) Proton fluorescence
Some of the target thicknesses were determined by the proton induced 
fluorescence method. An H.V.E.C. 2 MV Van de Graaff generator exists in the 
laboratory mainly for atomic physics studies. The apparatus is described by 
Newton (Ne 75). Basically, a Kevex X ray detector detects the X radiation 
from the atomic rearrangement of electron shells after a proton has collided 
with a target atom. The apparatus is calibrated by detecting backscattered 
particles from a thin target of the material to be measured. The yield of 
backscattered protons is given by
/■ Y„ = AItaDößn --  3.35Jl k u
where A is a constant which depends on the units used. I is the integrated 
beam current, t the target thickness, ör the Rutherford cross section and 
the solid angle subtended by the particle counter (which is at 160° to 
the beam direction). If the yield of X rays is written
Yv = Bit --- 3.36
A
where B is a function of E^.
Using equation 3.35,
Yx = B Y p C A V V '1
or B = Aa^öfipY^/Yp --- 3.37
The procedure adopted was to determine B of eq.3.36 using a thin 
self supporting target of carbon and iron. (The two targets measured by 
this method). The advantages of using thin targets for this are:
i) The energy spectrum of backscattered protons contains a 
well-defined narrow peak.
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ii) The constant B is determined at energy Ep rather than being 
averaged over the energy loss in a thick target. The targets were about 
10 yg.crn-2 thick.
Having fixed B for each element, the procedure was repeated 
with the gold backed targets and their thickness determined from eq.3.36.
The accuracy of this method is between 5 and 10%.
3.2.4. Contamination of Targets
The principal contaminant was carbon which built up during bombard­
ment. As discussed earlier, the gamma ray from the 12C(a,y)160 reaction may 
lie in the region of interest. Also, the neutron flux from the 13C (a,n)150 
reaction is a potential threat. Extensive studies of these reactions have 
been made and they were used to assess the importance of carbon contamination. 
(12C(a,y)160 : Su 67, Op 64. 13C(a,n)160 : Wa 57, Bo 56). Carbon contami­
nation of the targets was monitored by the 12C(a,y0)160 reaction at Ea =
7.88 MeV, or the 13C(p,y)14N resonance at Ep = 1.749 MeV. If more than 
1 yg.crn-2 of carbon built up on the target under study, then it was changed 
to a new one.
The other possible contaminants in the readily oxidizable targets 
were 150 and 14N. 1 60 contamination was checked by the 1 6O(ct,y)20Ne reson­
ances at Ea = 6.93 and 7.94 MeV (Pe 64). By careful handling of the Ca and 
Fe targets in vacuum and dry argon, oxygen contamination was avoided.
Nitrogen contamination was checked for by the 14N(p,y)150 reaction 
at Ep = 2.48 MeV (Ev 67). This corresponds to an excitation energy of 9.60 
MeV in 150 with a strong gamma decay to the ground state. No radiation was 
observed at this resonance energy implying that 14N contamination was not a 
problem.
3.2.5. Measurements
Excitation functions were measured at 90° to the beam direction 
using collimator number 2. This has a half angle of 10°42'. The basic 
incremental step in the excitation function was chosen according to the 
target thickness and the time available to survey a region of the continuum. 
These steps ranged from 50 keV in the 4°Ca(a,y)44Ti reaction to 250 keV in the 
62Ni(a,y)66Zn reaction.
Angular distributions were measured with collimator number 1 which 
has a half angle of 8°51'. Seven angles were chosen so that the emerging
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gamma ray was not obstructed by the target frame. Usually about ten 
angular distributions were measured for each nuclide at energies corresponding 
to extrema in the excitation function.
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CHAPTER 4
Experimental Data and Analysis 
4.1.1. Introduction
In this chapter, the experimental data of the work done will be 
presented, and the methods of analysis discussed. In the second part, 
interpretation of the data in terms of the theory described in Chapter 2 will 
be made. The conclusions will be left until Chapter 5.
In Table 4.1, a summary of the experimental data taken is given 
together with some other relevant information.
Table 4.1.
Target/Product Q(a,Yo)(MeV)
Step size of 
ex. funct. (keV)
Range of 
Ex(MeV)
No.of angular 
distributions
40Ca/44Ti 5.1 50 12.5-18.5 10
54Fe/58Ni 6.4 150 14.0-19.5 9
60Ni/64Zn 4.0 250 10.0-18.5 9
62Ni/66Zn 5.3 250 8.0-18.0 12
4.1.2. Excitation Functions
Excitation functions were measured for both Y0 and Yi decay channels 
in the step sizes shown in Table 4.1. They were taken with the spectrometer 
at 90° to the beam direction using collimator number 2. (Half angle 10°42'). 
The results are shown in Figs.4.1 to 4.4. The error bars on the data are 
statistical errors only. Typical spectra for these reactions are shorn in 
Fig.3.5, together with fits generated by the line shape fitting procedure 
described in Section 3.1.13.
In Fig.4.5, the low-lying levels of the residual nuclei are shown.
In all cases, the first excited state has a /  = 2+ lying about 1 MeV above 
the 0+ ground state.
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4.1.3. Correlation of Fluctuation Structure
According to the fluctuation theory of Ericson (Er 63), fluctu­
ations in an excitation function which are caused by overlapping states in 
a compound nucleus should be correlated over an energy interval r which is 
the average width of the states involved. It is implicit in the theory that 
the experimental resolution (beam resolution plus energy loss in target) p 
is much smaller than r. While this is quite easy to achieve in (p,y) 
reactions for example, in the present experiments it may be assumed that
✓p » T  and there will be an averaging of the fluctuation structure.
A measure of the correlation between fluctuations is given by
C(r,e) <q(E)q(E+c)> <q(E) ><q(E+e) > 4.1.
If the structure is caused by interference between overlapping levels in the 
compound nucleus, then it has been shown that
ccr.O = jj<i-yd2) —  4-2
N is sometimes called the fluctuation damping parameter and is the number of 
magnetic substates contributing to the reaction. In the Y0 channel N=l. 
yj is the fraction of direct component contributing to the reaction. It will 
be seen later that for the El radiative capture y^-O. From eq.4.2, it is 
seen that C(T,e) should have a Lorentz shape as a function of e with a 
F.W.H.M. of f and a value
c(r,o) = t (i-yd2)
In fact, eq.4.2 was derived for an infinite set of data, and since 
all measurements involve finite sets, a correction for this should be made.
It has been shown (e.g. A1 65) that the finite range of data allows the tail 
of the function C(F,e) to fluctuate about the abscissa with a standard 
deviation given by:
C(r,e) = 0± i /ir/2n —  4.3.
C»r
n is referred to as the number of independent cross sections. There is some 
confusion in the literature as to whether n = ^/r or n = V ttT where I is the 
range of the excitation function. Since the fluctuations should be correlated 
over an energy width T, the former definition of n is used Ce.g. A1 65, El 66, 
Gi 65). There is also an error on the value of r due to the finite range of 
data as measured by the F.W.H.M. of the curve; this is given by (B-M 68)
9 5 .
AT
r 4.4.
4.1.4. Modulation of Fluctuation Structure
It has been found (e.g. A1 65, Ga 65) that excitation functions 
which do not have a constant value of the average cross section reflect 
this in the autocorrelation function. If the data have an average cross 
section which is a function of energy, then using the definition of C(r,e) 
from eq.4.1 leads to a curve which has an offset from the abscissa (Fig.4.6). 
In fact, the offset can be arbitrarily set by varying the average values in 
the denominator of eq.4.1. Often the curve is not only offset from the 
abscissa but also tilted with respect to it, and it is clear that this dis­
tortion is due to the modulation of the fluctuation structure by the changing 
average value. For example, in Fig.4.6, the 4°Ca(a,y0)44Ti data are shown 
with C(r,c) calculated using different averages of a(E). The data are 
divided into two sections. The first section below about 11 MeV alpha energy 
has a monotonic increasing trend, and that above 11 MeV a monotonic decreas­
ing trend. In the lower part of the figure, C(r,c) is shown where <a(E)> 
has been obtained from the straight line fits (straight lines) and from the 
quadratic fit to the entire set of data (curved line). This demonstrates the 
distortion referred to previously. To remove this distortion (or to demodu­
late the fluctuation structure), a(E) is averaged over intervals A which are 
small enough to average out the fine structure but which are not so large 
that any broader structure is averaged over. According to Elliott and Spear 
(El 66), this interval is best chosen by calculating C(r,0) for various 
intervals A
When this is done, a curve is obtained as shown in Fig.4.7. The initial 
increase is due to the fine structure being averaged over. It then levels 
off before increasing again when broader structure is starting to be averaged 
over.
> 4.5.
c(r,o)
Fig.4.7.
A
96.
A suitable value of A is where the curve is inflecting in Fig.4.7. This 
procedure was carried out for the 40Ca data in Fig.4.6, and the autocorrel­
ation function recalculated using this value of A as an averaging interval. 
The result is shown in Fig.4.8 and it can be seen that it has the correct 
Lorentzian shape for small e and an oscillating tail for e>>T. As mentioned 
earlier, the 40Ca(a,y)44Ti reaction is expected to proceed almost entirely 
through a compound process, and later calculations show this to be so. In 
this case, y^-O and in the Y0 channel N=l. Therefore, C(r,0)=l according 
to the theory, but it can be seen from Fig.4.8, for example, that C(r,0)<l. 
This is due to the phenomenon of resolution damping which will now be 
discussed.
4.1.5. Resolution Damping
It is possible to use a new value of N such that the expected value 
of C(T,0) agrees with the experimental value. This may be understood from the 
fact that approximately P/^p+l fluctuations are averaged over with an experi­
mental resolution p. In fact, Fessenden et.al. (Fe 65) suggest that the 
value of C(r,0) is damped by this factor and the mean level width T can be 
obtained from the expression:
c(r,0) = —  (i-yd2) —  4.6.
NCP/ ^ D
Corti et.al. (Co 66) have used a different technique to obtain r when p>>r.
Tine normalised variance is defined by:
C(r,0) r[a(E)-<q(E)>]2<a(E)>2 4.7.
and it has been shown that this is given by
err,01 = Ai-y,2) 2% arctan PV  t a O +P2/r2)
n - ^772 —  4-
which reduces to eq.4.6. when p>>T. In fact, the relative error between the 
two expressions is only about 13% for p=T. Eq.4.8 is now generalised to 
arbitrary resolution kp, that is, the argument of eq.4.8 is changed from p/g 
to kp/r, k = 1,2,3,•••. The experimental values of C(T,0) are obtained by 
averaging over 1,2,3,*•• data. Eq.4.8 is then fitted to these values using 
F as a parameter. In such calculations, the value of <a(E)> is taken to be 
the value of a(E) when the data are smoothed by some analytic form. In the 
40Ca data, straight lines reproduce the average trends as in Fig.4.6.
r= 50 KeV
Fig.4.8. The autocorrelation functions for the 40Ca(a,Yo and 
Yl)44Ti excitation functions calculated using a 
changing value of the average cross sections.
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However, in the other cases the average trend is better represented by a 
quadratic expression, i.e. a(E) = a + bE + cE2 where the origin of the 
function is suitably chosen on the energy interval. According to Hodgson 
(Ho 71) there is a correction to C(f,0) given by
_ I2(a2I2+b2) 
Ll 12<a (E)>2 4.9.
where I is now the energy interval on which the data are measured. Then
CiCO) = c(r,o)-c1 — - 4.io.
where C(r,0) is defined by eq.4.7. There is a further correction to Ci(0) 
due to the finite range of data. It is called the bias and is given by:
(N+l)
N(nN-l)
where n = I/r. In the case of the present analyses the bias is a negligible 
correction to Ci(0) and is neglected.
4.1.6. Cross Correlation
One of the results of Ericson’s fluctuation theory is that 
different exit channels should be uncorrelated in their fluctuation structure 
A function which tests for cross correlation is C'(e) where
C'(e) <oi(E)Ö2(E+e)> <üi (E)><02(E+e)> -1 4.11
where and cr2 are the cross sections of the two channels. (In this case 
To and Yi). If the fluctuation structure arises from interference effects, 
then C*(g) = 0. However, this result is only true for an infinite set of 
data. Again, the finite range of data allows C'(e) to fluctuate about the 
base line with a standard deviation given by
(_jl \y? —  4.12
l2nNiN2 /
here N]_ and N2 are the fluctuation damping parameters in the two channels.
4.1.7. Probability Distribution of the Cross Section
The probability distribution of the fluctuating cross section is
given by
p(y) = (N~ijT yN~1 e_Ny — - 4-13
where y o/<a>.
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100 .
In th e  Yo channel where N=l, t h i s  becomes simply e~Y. However, the  
e f f e c t  o f  energy  av e ra g in g  o f  th e  f l u c t u a t i o n  s t r u c t u r e  has th e  e f f e c t  o f  
g iv in g  a d i s t r i b u t i o n  w ith  an a p p a re n t ly  l a r g e r  v a lu e  o f  N th a n  th e  r e a l  
v a lu e .  This i s  d em onstra ted  in  F i g . 4 .9 .  An a r t i f i c i a l  e x c i t a t i o n  fu n c t io n  
was g e n e ra te d  by computing th e  sum S where
S
201
:i =1CE-Ei + i r / 2 )
Ai 4 .1 4 .
The Ai a re  r e a l  numbers w ith  random s ig n s .  The were e q u a l ly  spaced  ' 
e n e rg ie s  such t h a t  F/D = 10. The c ro s s  s e c t i o n  as a f u n c t io n  o f  energy  was 
th en  o b ta in e d  from
a (E) = |S ( E ) | 2 - - -  4.15
In F i g . 4 .9 ,  P ( a / < c r > )  i s  shown f o r  v a r io u s  v a lu e s  o f  th e  r e s o l u t i o n  p .  When 
p=T, P ( c r / < a > )  i s  q u i t e  c lo s e  t o  th e  expec ted  e x p o n e n t ia l  d i s t r i b u t i o n .  As p 
i s  in c r e a s e d ,  however, v a lu e s  o f  o/<o> n e a r  u n i t y  become more p ro b a b le ,  and 
by the  tim e p=10r ,  the  d i s t r i b u t i o n  i s  symmetric (w i th in  th e  s t a t i s t i c s  o f  
th e  h is tog ram ) about u n i t y  and h as  a shape g iven  by e q .4 .1 3  f o r  l a r g e  N.
This d em o n stra te s  th e  e q u iv a le n c e  o f  l a rg e  N v a lu e s  and what w i l l  be c a l l e d  
r e s o l u t i o n  damping.
4 . 1 .8 .  D iscu ss io n  o f  th e  D ata
The d a ta  from th e  fo u r  r e a c t io n s  w i l l  now be d i s c u s s e d  s e p a r a t e l y  
w ith  r e s p e c t  t o  th e  methods o f  a n a ly s i s  d is c u s s e d  in  th e  above s e c t i o n s .
40C a fa . v ) 44Ti
Of th e  fo u r  a lp h a  c a p tu re  r e a c t i o n s  i n v e s t i g a t e d ,  t h i s  one i s  in  a 
c l a s s  o f  i t s  own s in c e  i s o s c a l a r  em iss ion  o f  d ip o le  r a d i a t i o n  i s  fo rb id d e n  by 
th e  i s o s p in  s e l e c t i o n  r u l e s .  S ince  El r a d i a t i o n  i s  o b se rved ,  th en  i t  becomes 
n e c e ss a ry  to  e x p la in  t h i s  v i o l a t i o n .
Both Yq and Yi channe ls  show r a p id  f l u c t u a t i o n s  in  t h e i r  r e s p e c t i v e  
e x c i t a t i o n  f u n c t i o n s .  These a re  c h a r a c t e r i s t i c  o f  compound n u c l e a r  r e a c t io n s  
a t  e x c i t a t i o n  e n e rg ie s  where T/D>>1. However, a c ro s s  c o r r e l a t i o n  a n a l y s i s  
between th e  two channe ls  r e v e a le d  an ap p a re n t  c ro s s  c o r r e l a t i o n  o f  th e  
f l u c t u a t i o n  s t r u c t u r e .  This i s  shown in  F i g . 4 .1 0 .  The s ta n d a r d  d e v ia t io n  
about zero  o f  C '(E) i s  g iven  by
/ 7T2nNiN2
which in  t h i s  case  tu r n s  ou t t o  be about 0 .0 2 5 .  (Assuming N j= l ,  N2=2, n = I / f
F i g . 4 .1 0 .  The c ro s s  c o r r e l a t i o n  f u n c t io n  f o r  th e  40Ca d a t a .
[ o
F i g . 4 .1 1 .  The c ro s s  s e c t i o n  p r o b a b i l i t y  d i s t r i b u t i o n  in  th e  Yq 
c h an n e ls  f o r  th e  4^Ca d a t a .  The s o l i d  l i n e  i n  th e  
h is to g ra m  i s  th e  p r e d i c t e d  exp(-a/<cr>) d i s t r i b u t i o n ,  
th e  Yi  d a t a ,  th e  smooth cu rve  i s  e q .4 .1 3  f o r  l a r g e  N
j:iu
and Yj 
In
101 .
C(e)
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w ith  T=5 keV) . From F i g . 4 .1 0 ,  th e  a c tu a l  s ta n d a rd  d e v ia t io n  about zero  i s  
0 .015 which su g g e s ts  t h a t  N1N2 sho u ld  be l a r g e r  th a n  2. The s y s te m a t ic s  o f  
mean l e v e l  w id th s  in  t h i s  r e g io n  o f  th e  p e r io d i c  t a b l e  su g g e s ts  a v a lu e  o f  
T around 5 keV, and so p /T >>l.  I f  N1N2 - 6 , th e  observed  s ta n d a rd  d e v ia t io n  
i s  o b ta in e d .  The v a lu e  o f  C ' ( r , 0 )  i s  about th r e e  s ta n d a rd  d e v ia t io n s  g r e a t e r  
than  th e  expec ted  e r r o r .  However, th e  f a c t  t h a t  th e  d a ta  a re  damped by 
r e s o l u t i o n  damping p ro b ab ly  leads  to  an a p p a re n t  c ro s s  c o r r e l a t i o n .  In  F ig . 
4 .1 1 ,  th e  f u n c t io n  P(o/<cr>) has been c a l c u l a t e d  f o r  th e  Yq and Yi ch an n e ls .
In  bo th  cases  th e  d i s t r i b u t i o n s  a re  alm ost G aussian im ply ing  t h a t  p>5T.
A mean le v e l  w id th  was e x t r a c t e d  by th e  two methods d e s c r ib e d  in  
S ec t io n  4 . 1 .5 .  In  th e  Yo ch an n e l ,  and assuming no d i r e c t  component to  the  
r e a c t i o n ,
C(T,0) = 1 / (p/irr+1)
Using th e  v a lu e  o f  C( r , 0 )  in  F i g . 4 . 8 , r  t u r n s  out to  be 4 .4  ± 0 . 3  keV. In 
th e  Yi ch an n e l ,  N=2 and V t u r n s  out to  be 3 . 8  ± 0 .2  keV.
The second te c h n iq u e  in v o lv ed  c a l c u l a t i n g  C(kp) in  e q . 4 .8 .  The 
r e s u l t s  a re  shown in  F i g . 4 .1 2 ,  t o g e th e r  w ith  two curves f o r  p / r  = 10 and 
p / r  = 20. The v a lu e  o f  T o b ta in e d  by t h i s  p rocedu re  was Y = 3±1 keV in  th e  
Yo channel and T = 2.5±1 keV in  th e  Yi ch an n e l .  The average  v a lu e  o f  a l l  th e  
measurements i s  V = 3 .4±0 .45  keV.
54F e fa .Y l58Ni
The e x c i t a t i o n  f u n c t io n s  f o r  t h i s  r e a c t i o n  ( F i g . 4 . 2 . )  show a 
g en e ra l  L o re n tz ia n  t r e n d  in  th e  averaged  d a t a  s i m i l a r  to  th e  g e n e r a l i s e d  
G.D.R. shape .  However, th e  s y s te m a t ic s  su g g e s t  t h a t  th e  peak energy  shou ld  
be about 19 MeV whereas th e  observed  peak i s  a t  around 16 MeV e x c i t a t i o n .
These d a t a  were smoothed w ith  a q u a d r a t i c  f u n c t io n ,  a + bE + cE2 , 
where th e  mid p o in t  o f  th e  i n t e r v a l  I i s  tak en  a t  a s u i t a b l e  p o in t  on th e  
a b s c i s s a .  For p/T>50, e q . 4 .8 .  i s  equal t o  e q u a t io n  4 .6 ,  so in  th e  Yq channel 
C( r , 0)  = p^- jj;+y  . A v a lu e  o f  C(T,0) was c a l c u l a t e d  w ith  th e  smoothing p r o ­
cedure shown in  F i g . 4 .1 3 ,  and t h i s  gave a v a lu e  o f  F = 9.15±1 keV (Yo), and 
5.36±2 keV (Yi) . The mean v a lu e  i s  7 .2 6 Ü .1 2  keV.
60N i ( q , v ) 64Zn
The e x c i t a t i o n  fu n c t io n s  f o r  th e  Yo and Yi channe ls  a re  shown in  
F i g . 4 .3 .  In  F i g . 4 .1 4 ,  a com parison of the yo d a t a  i s  made w ith  th e  6 3Cu(p,Yo) 51+Zn 
e x c i t a t i o n  fu n c t io n  over th e  same energy  r e g io n .  Paul e t . a l .  a t t r i b u t e  th e  
double humped s t r u c t u r e  peak ing  a t  about 16 and 19 MeV to  th e  T< and T>
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C o u n t s  (au.)
500 —
300-
200 —
F i g . 4 .1 3 .  The 54F e ( a , T o ) 58Ni d a t a  smoothed wi th  a 
q u a d r a t i c  f u n c t i o n .  The l a s t  lV2 MeV was 
n o t  i n c lu d e d  in  t h e  f i t .
9 10 11 12 13 14 15 16 17 18 19 20  E
F i g . 4 .14 .  Comparison o f  t h e  63Cu(p,Yo)64Zn and 60N i (a ,Y o )64Zn e x c i t a t i o n  
f u n c t i o n s .  The upper  s e t  o f  d a t a  a r e  taken  from Paul  e t . a l .  
(Pa 71) .
106.
G.D.R. If this is true, then the (a,Y0) data barely has any cross section 
for the Y* resonance. This point will be discussed in the next section where 
calculations of the cross section are made.
To calculate the mean level width, the data were smoothed with a 
quadratic function, and the normalised variance calculated. This gave a 
value for r of 5.2±2 keV.
62Nifa.Yl66Zn
The excitation functions for the Yq and Yi channels are shown in 
Fig.4.4. There is a spectacular fall of the (a,y) cross section at the (a,n) 
threshold energy of 6.92 MeV. This is well reproduced in the calculations in 
a subsequent section.
The data were smoothed above the (a,n) threshold with a quadratic 
function as before and a value of T determined. This was r = 3.7±1 keV (Yo) 
and 2.9±1 keV (Yi).
Summary of mean level widths
Nuclide Ex. energy range (MeV) <r> (keV)
44Ti 12.5-18.S 3.4 ±0.45
58Ni 14.0-19.5 7 .26±1.12
64Zn 10.0-18.5 5.2 ±2 .00
66Zn 8.0-18.0 3.3 ±1.41
The errors on<I>are due to the counting statistics and the F.R.D. error, 
eq.4.4. The statistical error of the normalised variance is given by
j^tcpftxi) - a(Xi» 2 ö(Xi)/fcXi)4)2.o/k ]h
where N is the number of experimental data, and k the number of data which 
have been averaged over.
4.1.9. Angular Distributions
An important advantage of reactions involving zero spin projectiles 
on zero spin targets is the restriction to m=0 substates of the excited 
product nucleus. Such is the case for all the alpha capture reactions 
investigated. If the excited state decays directly to the ground state by 
gamma ray emission, then the projection of the gamma ray angular momentum
107.
on the z axis will also be zero. Consequently, the £Th order multipole 
radiation will exhibit an (£,0) angular distribution. For example, the 
decay of a (1“,0) state will have the well-known Sin20 angular distribution 
characteristic of an oscillating dipole lying along the z axis. If states 
of different angular momentum can be excited coherently, then they will inter­
fere and the emitted radiation will reflect this interference. As with all 
interference phenomena, the amplitudes of the processes must be added. In 
(a,Yo) reactions on zero spin nuclides 1" and 2+ excited states are likely to 
decay to the ground state by electric &=1 and 2 radiation respectively. The 
amplitude for this process is therefore
f(6) a^2sin0 + !/2ei9l22 sin20 4.16.
where the absolute cross sections for the El and E2 radiations are given by 
O(l-) = §2-a 
0(2+) = | | b
0^2 is The difference in phase between &=1 and %-2 ingoing alpha partial 
waves. For pure El and E2 radiation, the Sin20 and Sin220 distributions can 
be written as Linear combinations of Legendre polynomials:
W(0) = 1 - P2(cos0) 1--HJ+ El
W(0) = 1 + 0.71 P2(cos0) - 1.71 P4(cos0) 2+->0+ E2
If there is interference between the 1" and 2+ levels, then the odd order 
polynomials ?i and P3 have non-zero coefficients. The angular distributions 
were fitted with the expressions:
W(0) = J0 A£Q*Pä (cos0) —  4.17.
where the Q^’s are attenuation coefficients. They are present in eq.4.17. 
because W(0) is actually an average measurement over a finite solid angle. 
These have been calculated previously for the collimation geometries employed. 
The ratios of the Aj/Ao(j=l,4) give the relative strengths of the El and E2 
components. If pure El radiation is present, A2/Aq = -1 Ai = A3= A4= 0. In 
all the angular distributions measured, most of the Aj1s were non-zero indi­
cating interference between 1“ and 2+ levels. This may be seen qualitatively 
by the assymetry about 90° of the angular distribution.
108 .
Both e q s .4 .1 6  and 4 .17  were f i t t e d  to  th e  measured a n g u la r  d i s t r i ­
b u t io n s  in  th e  u s u a l  m anner, i . e .  th e  te rm  6 was m inim ised w ith  r e s p e c t  to  
th e  p a ram e te rs  (a ,  b ,  0i2> o r  , j= 0 ,4 )
« = ? ( ( ° e x p (9 i)  '  W(0i ) ) / 0 i  f —  4 .1 8 .
a eXp ( 9 i )  i s  th e  ex p e r im e n ta l  v a lu e  o f  th e  c ro s s  s e c t io n  a t  ang le  0p and o^2 
i s  th e  v a r i a n c e .  The v a lu e s  o f  th e  c o e f f i c i e n t s  a re
A. ± e . .  '
J 11
where e j j  i s  a d ia g o n a l  e lem ent o f  th e  in v e r s e  c u rv a tu re  m a tr ix  which i s  
formed from th e  normal e q u a t io n s .
The Yi decay channe l i s  more com p lica ted  because  t h e r e  a re  more 
p o s s i b i l i t i e s  f o r  a llow ed r a d i a t i o n ,  and n o n -z e ro  m agnetic  s u b s t a t e s  a re  
invo lv ed  in  th e  * jcY)a.ß l e v e l .  The p o s s i b i l i t i e s  may be w r i t t e n  in  
term s o f  Clebsc/rGordatn c o e f f i c i e n t s .
Yi t r a n s i t i o n s
(J-j_ 0 £ m^  | 2 m )^
= sp in  o f  compound s t a t e  
£ = m u l t i p o l a r i t y  o f  gamma ra y
m^ = s u b s t a t e  o f  £
mf = s u b s t a t e  o f  2+ f i r s t  e x c i t e d  s t a t e
P o s s i b i l i t i e s
(0 0£m^I2mf)
£=2
(1 0£m^I2mp)
£ = 1,2
(2 0£m I 2mf)
£ = 1,2
(3 0£m^I2mf)
£ = 1,2
(4 0£m_I2mf)
£=2
El E2
l~-*2+ 0+->2+
3~->2+
> -> E l ,  E2, E2/M1
E2/M1
2+ - > 2+
The competing decays a re  E2/M1 as w e ll  as pu re  El and E2 r a d i a t i o n  
be ing  p o s s i b l e .  This  w i l l  be d is c u s s e d  f u r t h e r  in  C hap ter  5.
109 .
In F i g s . 4 .15 t o  4 .2 1 ,  th e  measured an g u la r  d i s t r i b u t i o n s  f o r  th e  
Yo and Yi decays a re  shown. (L.H. and R.H. s id e  o f  page r e s p e c t i v e l y ) .
The energy l a b e l  f o r  each p a i r  o f  d i s t r i b u t i o n s  r e f e r s  to  th e  a lp h a  bombard­
ing  energy  in  MeV. The r e a c t i o n  i s  l a b e l l e d  by th e  t a r g e t  n u c le u s ,  i . e .  
1+0Ca, 5l+Fe, 60N i, 62N i. The smooth l i n e s  r e p r e s e n t  th e  f i v e  p a ram e te r  
Legendre po lynom ial f i t s  t o  th e  d a ta .
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Fig.4.18. 60Ni. (See page 109).
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F i g . 4 .1 9 .  60Ni.  (See page 109).
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F i g . 4 . 19a. 62N i .  (See page 109).
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In Figs.4.22 to 4.29, the ratio of the Legendre polynomial 
coefficients Aj/Ao (j=l,2,3,4) are shown for the Yo and Yi angular dis­
tributions. The reaction is labelled by the target nucleus, 40Ca, 54Fe, 
60Ni or 52Ni.
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Normolised Legendre  polynomiol coefficients.  Absci ssa values o re  olpho bombarding
energy.
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In t a b l e  4 . 2 ,  the  v a l u e s  o f  t h e  Legendre Polynomial  c o e f f i c i e n t s  f o r  the  
t r a n s i t i o n  averaged  over  a l l  t h e  an g u la r  d i s t r i b u t i o n s  a re  shown. Also 
shown a re  th e  average  r a t i o s  o f  t h e  E2/E1 c ro s s  s e c t i o n s  o b ta in e d  by f i t t i n g  
| f ( 6 ) | 2 ( e q .4 .1 6 )  t o  th e  Yq a n g u la r  d i s t r i b u t i o n s .  In t a b l e  4 . 4 ,  v a l u e s  of  
th e  phase  ang le  0^2 a re  l i s t e d  t o g e t h e r  w i th  t h e i r  average  v a l u e s .  In t a b l e  
4. 3, t h e  Legendre po lynom ia l  c o e f f i c i e n t s  f o r  t h e  Yx t r a n s i t i o n  averaged  over 
a l l  t h e  a n g u la r  d i s t r i b u t i o n s  a r e  shown.
TABLE 4 . 2 .
Average v a lu e s  of  Aj/A0 ( j = l , 4 )  f o r  th e  Yo t r a n s i t i o n s .  Also l i s t e d  a re  the  
r a t i o s  o  (2+) / o ( l “) .
Reac t ion 2 ) /  a ( l - )% <Ai/Ao> <A2/Ao> <A3/Ao> <A4/Ao>
40CaCa,Y0) 44Ti 14 -0 .0293±0.0159
-0 .796
±0.025
0.0951
±0.0330
-0 .0657
±0.0323
54F e(a ,Y 0) 58Ni 18 0.0499±0.0144
-0 .750
±0.0223
0.0123
±0.0299
-0 .262
±0.030
60N i (a ,Y 0) 64Zn 15 0.0244±0.0096
-0 .771
±0.0152
0.0894
±0.0197
-0 .183
±0.0196
62Ni(a ,Y ) 66Zn 0 16
0.0603
±0.0115
-0 .743
±0.0182
0.0324
±0.0231
-0 .076
±0.0232
TABLE 4 .3 .
Average v a lu e s  o f  Aj/A0 ( j = l , 4 )  f o r  t h e  Yi t r a n s i t i o n s .
Reac tion <AX/A0> A c > o V <a3/ a0> <a4/ a0>
40C a ( a , Y i ) 44Ti -0 .009  ±0.036
-0 .426
±0.048
0.0338
±0.0722
-0 .0660
±0.0702
54F e ( a , Y ! ) 58Ni 0.0568±0.0472
-0 .0789
±0.0596
-0 .0644
±0.0857
-0 .204
±0.0836
60N i ( a , Y i ) 64Zn -0 .0195±0.0217
-0 .232
±0.0295
-0 .0149
±0.0396
-0 .0354
±0.0407
62N i ( a , Y i ) 66Zn 0.0579±0.0359
-0 .261
±0.0484
0.0009
±0.0642
-0 .0386
±0.0687
TABLE 4.4
44Ti 58Ni 64Zn 66Zn
Ex 012° Ex 012° Ex 012° Ex 012°
13.69 82±3.3 14.13
85±
3.1 10.09
88±
4.1 10.0
99±
2.1
13.78 96±4.4 14.55
86±
3.9 10.56
96±
1.4 10.94
82±
1.6
14.42 80±1.6 15.11
77±
1.1 11.03
91±
8.9 11.64
83±
1.5
14.55 93±1.3 15.38
93±
2.9 11.97
85±
1.9 12.35
95±
3.4
14.83 91±1 15.66
99±
1.4 12.67
89±
9.8 12.82
101±
1.4
15.15 79±1.4 16.08
95±
3.3 13.38
91±
3.4 13.28
95±
2.5
15.78 85±4.2 16.36
90±
5.1 14.31
92±
5.1 13.75
98±
1.9
16.51 92±8.3 16.78
130± ' 
2.2 15.72
105±
0.9 13.99
97±
1.7
17.15 99±1.7 17.2
94±
3.03 16.66
112±
0.8 14.46
96±
1.5
17.33 68±1.9 / / / / 15.40
96±
2.7
/ / / / / / 16.10
95±
4.2
/ / / / / / 17.51
82±
2.9
* <812>= 
88±2.6
t
<012>= 
93±1.3
<012>=
91.5il.82
<012>= 
94±0.8
* The average values of 0^2 were obtained by averaging the 
data at seven angles and fitting this average angular 
distribution.
134.
4.1.10. Calculations of the Cross Sections
An outline of the theory as developed by Shikazono and Terasawa 
was given in Section 2.3.1. of Chapter 2. Unlike previous theories it 
includes isospin mixing in the compound nucleus and this leads to a modi­
fication of the usual Hauser-Fesbach branching ratio, Ta0/gTd. An isospin 
mixing parameter e2 appears explicitly, in the case of El radiative capture, 
it is the mixing ratio of 1“ states with 1" T> states. This is especially 
important in self conjugate nuclei where only AT=1 isovector radiation is
/*
permitted by isospin selection rules. In eq.2.60, the parameter e '2 appears
which is related to e2 by e ’2 = e2<D*>/<D*> where the <D<> are average level
>
sj?(XCCY)<jS of the T*^  and T* states. At low excitation energies where known 
dtsc-Vt?^ levels have been measured, the experimental data were used to cal­
culate the level densities. Where discrete levels were not known, the 
level density formula of Gilbert and Cameron was used. This gives the level 
density as
P (E, J) exp2/aU " 12/2aaV4U5/4 4.19.
for E ^ Ex , where
f(j) = exp{-(J+1/£) /2a2} 4.20.
and
PCH.J) = t  exp{(E-E0)/T}f(J) —  4.21.
for E < Ex .
p(E,J) is the level density of states with spin J, either parity at energy 
E, the units are M e V 1. The energy U is given by
U = E - P (N) - P(Z) ,
where P(N) and P(Z) are pairing energies given by
P(N) = 1.374 - 0.00516N 
P(Z) = 1.654 - 0.00958Z
Ex is an energy at which the two formulae eq.4.19 and 4.21 join smoothly to 
each other, a is a spin cut off parameter given by
a2 = 0.0888 (aU) ^ 2k^2 ---- 4.22.
The method for obtaining a is described in Gi 65a. The density of T> levels 
(T=l in self conjugate nuclei) is obtained using the parameters for the 
adjacent T 3 = 1 isobaric nucleus, the T5* levels starting at the lowest 
observed energy of a state in the T3 = 0 nucleus. The level density of
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T> states is then given by
v  = p(E-0
where E ^ n is the energy of the lowest T=1 state in the self conjugate 
nucleus.
The transmission coefficients were calculated within the framework 
of the optical model, as before
Tc = 1 - exp(-2Im<5c) -- 4.23.
where 6C is the phase shift for channel c. In the case of particle decay 
to discrete levels of daughter nuclei, the sum over transmission coefficients 
may be performed using experimental level schemes. When T/D>1 or where 
discrete levels have not been measured, the level density formulae, eqs.4.19 
to 4.21 were used. The sum over Tc is then written as
. .1 Tk = ,l'Tkn + EnT /mT.„ (E)ojT(E)dE 4.24.kj£ j A kj£ jA -iAI J jA> J Iv J
J £ 1
where the primed sum is over transmission coefficients to the first few dis­
crete levels of the residual nuclei and the integration starts at energy e, 
which is the energy where the level density formulae are employed. I is 
the spin of the residual nucleus after emission of a particle from the com­
pound nucleus with spin J, so I_ = J - j_ where j is the outgoing channel 
spin.
The transmission coefficients were calculated from published opti­
cal model analyses. The scattering of alpha particles has been studied for 
all the targets used in these experiments, and the parameters of the poten­
tials obtained by fitting the data were used.
Parameters for neutron and protons on the appropriate residual 
nuclei were as in table 4.6.
El cross section
If the total gamma absorption cross section can be fitted with a 
Lorentz line shape, then a radiative width may be derived which exhausts 
100% of the classical dipole sum rule
„ = 2_j,2 (21' +1) r* (ErG )2 , 4 25
rG G (21+1) Tr (E 2-e2£+ (EYn)Z '(j b b
and the integral of this is
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/ 0 YGdE = tXG f i r r  r Y 4 - 26-
I f  th e  G.D.R. e x h a u s ts  th e  d ip o le  sum r u l e ,  then  e q u a t in g  e q .4 .2 6  to  60 NZ/A 
MeV. mb. g iv e s
rS-R- = 0.0073 ^  EG2 keV   4 .2 7 .y A u
w ith  Eq i n  MeV.
Thus, th e  p ro c e d u re  f o r  the  El r a d i a t i v e  c a p tu re  d a t a  i s  to  c a l c u l a t e  cryG 
u s in g  e q .2 .5 7 .  The Ba in  t h i s  e q u a t io n  i s  c a l c u l a t e d  assuming a c e r t a i n  
v a lu e  o f  £2 . I f  OyG has a L o re n tz ia n  sh ap e ,  th e n  a L oren tz  l i n e  i s  f i t t e d  
t o  i t  u s in g  Ty as a p a ra m e te r .  The r a t i o  r y / r ^ * R* i s  th e n  a m easure o f  the  
f r a c t i o n  o f  th e  d ip o le  sum r u l e  which i s  ex h au s ted  by th e  d a ta .  C le a r ly  
e2 and r y / r ^ « R* a re  n o t  independen t p a ra m e te r s .  Changing th e  v a lu e  o f  e 
w i l l  change th e  v a lu e  o f  r y / r y *R- r e q u i r e d  to  f i t  th e  d a ta .  C onsequen tly ,  
th e  p ro d u c t ,  e 2r y / r y *R* i s  th e  im p o r ta n t  number in  t h i s  c o n te x t .  In th e  
case  o f  s e l f  c o n ju g a te  n u c l e i ,  th e n  e q .2 .6 0  has to  be u se d .  For n u c l e i  where 
N^Z, some s i m p l i f i c a t i o n  o c c u r s ,  v i z .
ZV ETn+2T ^2  {2T< + 1+ e2}np
4 .2 8 .
The t o t a l  p h o to a b s o rp t io n  c ro s s  s e c t i o n  i s  w r i t t e n  as a l i n e a r  com bination 
o f  a b s o rp t io n  term s i n t o  th e  T< and T5* s t a t e s
YG
< 2 >
°YG + E 0YG 4 .2 9 .
The T< and T> a b s o rp t io n  c ro s s  s e c t i o n s  may n o t  have th e  same sh ap e ,  f o r  
example i t  w i l l  be seen  l a t e r  t h a t  f o r  th e  54Fe d a t a ,  ayG = c o n s t ,  and 
oyG = L o re n tz ia n  a re  c o n s i s t a n t  w i th  th e  d a ta .
So f a r ,  th e  d i s c u s s io n  has been d i r e c t e d  to  th e  El r a d i a t i v e  
c a p tu re  compound p r o c e s s .
E2 c ro s s  s e c t i o n
The E2 compound p ro c e s s  i s  t r e a t e d  in  a s i m i l a r  way. I f  th e  E2 
cap tu re  ta k e s  p la c e  by a AT=0 t r a n s i t i o n ,  th en  th e  b ran ch in g  r a t i o  has q u i t e  
a s im ple  form:
1/ 2£(T +T ) + ET p n cx
4 .3 0 .
Again, a r a d i a t i v e  w id th  which ex h au s ts  th e  L.E.W.S.R. (A=2) ( e q .2 .1 0 )  can 
be c a l c u l a t e d .  The E2 L.E.W.S.R. can be w r i t t e n  as
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121Z2/A^3 MeV2 .fm 5
where th e  mean sq u are  r a d i u s ,  <;r2> has  been ta k e n  as
< r2> = ^5r 02A /3 
w ith  r 0 = 1.3 fm.
4.31
In th e  long wave le n g th  l i m i t  (which i s  a p p l i c a b l e  in  t h i s  c a s e ) ,  th e  r a d i a t i v e  
w id th  can be w r i t t e n  as
r r n  -  8^ L+1  ^
1YLLJ " Lj (2L+1) ! !] 2 k2L+14B(L)
which f o r  L=2 g ives
^  = 2 0  K c ) 5« » 2)
4 .3 2 .
4 .33 .
4B(E2) i s  th e  reduced  m a tr ix  elem ent f o r  th e  e m is s io n ,  and i s  r e l a t e d  to  th e  
a b s o rp t io n  reduced  m a tr ix  elem ent
+B(E2) = 11°  I  I +B(E2)
= i  +B(E2) —  4 .3 4 .
Combining e q s .4 .3 0 -4 .3 3  to g e th e r  le ad s  to  th e  r a d i a t i v e  w id th  which exhaus ts  
th e  L.E.W.S.R.
r : J 'R(E2) = 1.33 x 10‘ 5Ey 4^  < r2> eV
= 1 .3 5 .1 0 _5Ey4Z2/A1/3 eV. - - -  4 .3 5 .
The same t r e a tm e n t  f o r  th e  E2 d a t a  as  f o r  th e  El i s  made, ayG(E2)
S Ri s  c a l c u l a t e d ,  and a f i t  i s  made u s in g  Fy/Ty* ' (E2) as a p a ra m e te r .
As w i l l  be seen s h o r t l y ,  th e  compound p ro c e s s  appea rs  t o  be th e  
dominant mechanism f o r  r a d i a t i v e  El c a p tu r e .  However, E2 c a p tu re  i s  n o t  so 
c l e a r  c u t  and d i r e c t  and semi d i r e c t  mechanisms may p la y  a l a r g e  p a r t .
D ir e c t  p ro c e s s e s
D ir e c t  r a d i a t i v e  c a p tu re  in v o lv e s  th e  t r a n s i t i o n  o f  an a lp h a  
p a r t i c l e  from a s c a t t e r i n g  s t a t e  to  a bound s t a t e  in  th e  f i n a l  n u c le u s .  The 
an g u la r  momentum change i s  c a r r i e d  o f f  by an El o r  E2 gamma r a y .  To c a l c u l a t e  
th e  t r a n s i t i o n  m a t r ix  e lem en t ,  th e  wave fu n c t io n  o f  th e  t a r g e t  n u c le u s  p lu s  
a lp h a  p a r t i c l e  in  a continuum s t a t e  and th e  wave fu n c t io n  o f  th e  a lp h a  p a r t i c l e  
in  a bound s t a t e  must be known. The s c a t t e r i n g  s t a t e  wave f u n c t io n  can be 
g e n e ra te d  u s in g  th e  o p t i c a l  model p o t e n t i a l s .  To c a l c u l a t e  th e  bound s t a t e  
wave f u n c t io n ,  a co rrespondence  i s  made between fo u r  nuc leons  bound in  a 
sim ple s h e l l  model p o t e n t i a l ,  and an a lp h a  c l u s t e r  moving in  th e  o p t i c a l  
p o t e n t i a l .  T h is  i s  shown in  F i g . 4 .30  where th e  l e v e l s  of an harmonic 
o s c i l l a t o r  p o t e n t i a l  and a Woods-Saxon w e ll  a r e  shown.
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The energy of the i^1 particle in the S.H.O. potential is given by 
= (2n^+&^-14)-h(jo --  4.36.
It has been shown that
4
i|1(2(ni-l) + l±} = 2(N-l) + L —  4.37.
where n^ is the number of nodes in the radial wave function and the angular
momentum of the i^1 particle. N and L are similar quantum numbers for the alpha
/•
cluster state. For example, in 44Ti, the L.H. side of eq.4.37 gives 12. For 
L=0, N=7. This immediately imposes a constraint, the alpha cluster state 
wave function must have 7 nodes (excluding the one at infinity). A second 
constraint is that the energy of the cluster should equal the alpha particle 
separation energy. These two constraints are sufficient to calculate the 
wave function. The potential well depth of the real part of the Woods-Saxon 
well is treated as a parameter, and adjusted to produce a wave function 
satisfying the above conditions. Using this wave function and the £=1 (El) 
scattering state or £=2 (E2) scattering state, direct transition matrix 
elements may be calculated. They may be written as
—  4.38.
Semi direct processes
As stated before, semi direct capture mechanisms are also considered 
for both El and E2 radiations. These involve excitation of the core G.D.R. 
or G.Q.R. by an interaction with the alpha particle. In El capture, this 
process might be important for self conjugate nuclei where the nuclear poten­
tial between the core and alpha particle cannot excite a T=1 oscillation. 
However, a Coulomb interaction can, and one of the possible semi direct 
processes (process I) involves a Coulomb matrix element between the incident 
alpha particle and target. The alpha particle makes a radiationless trans­
ition, this time the angular momentum change is conserved by exciting a 
1_ T=1 oscillation. The system then decays by dipole emission. The second 
process (process II) relies upon the existence of . little known 1" T=0 
excitations which have appreciable Coulomb matrix elements with 1" T=1 states. 
This is therefore a two step process, a nuclear interaction exciting the 
1" T=0 state followed by Coulomb mixing of 1" T=0 and 1“ T=1 states. The 
nuclear potential is taken to be a zero range potential. In self conjugate 
nuclei the direct El capture cross section should vanish because |AT|=1 is 
required for dipole radiation. There are small effects which violate this
139 .
such as the  mass d i f f e r e n c e  between neu tron  and p ro to n , bu t the  e f f e c t  p ro ­
duces a n e g l ig ib le  cross  s e c t io n  in  comparison to  compound er S.D. p ro cesses .
Thus fo r  N=Z n u c le i ,  th e re  are two p o s s ib le  modes o f  semi- 
d i r e c t  cap tu re .  The f i r s t  invo lves  a Coulomb e x c i t a t io n  of the  G.D.R. of the  
core, w ith  the  a lpha p a r t i c l e  making a r a d ia t i o n l e s s  t r a n s i t i o n  to  a bound 
s t a t e  in  th e  r e s id u a l  n u c leu s .  This system then decays by d ip o le  em ission. 
The second p rocess  invo lves  a n u c le a r  in t e r a c t i o n  between the  core ( ta rg e t )  
and the  a lpha p a r t i c l e .  The e x is ten c e  of 1“ T=0 s t a t e s  which have non-zero 
Coulomb m atrix  elements w ith  1" T=1 s t a t e s  i s  p o s tu la te d .  This i s  a two 
s tep  p ro c e ss .  A form f a c to r  fo r  p rocesses  I and I I  i s  w r i t t e n
F M  = F jC D  V C ^ 0 & }1/2/<C ' Hn h o o >Yl ^ d!2 4 -39-
F j( r )  i s  a form f a c to r  fo r  the  Coulomb e x c i t a t io n  of the  t a r g e t  G.D.R. The 
m atrix  element in  the  second term of eq .4 .3 9  i s  given by
T=01 •
^ l - m K l ^ o o *  = V°^ pt r  ^  p“ V a " r ) dr 4 .40 .
where pt r (r)  i s  a t r a n s i t i o n  d e n s i ty  fo r  a 1“ T=0 o s c i l l a t i o n .  I t  i s  given 
by *
u  Vo 
Ze rhk ' 2P02
A l o w  TVJ  -V. 1P t r ^  = f 1 f c )  ^  - V 3F- Y“ © 4 .41 .
where Vs i s  the  v e lo c i ty  o f  sound in  the  n u c leu s .  I t  r e p re se n ts  the  v e lo c i ty  
of th e  compressional wave. The fu n c tio n s  ^  s a t i s f y  a wave equation
*V1 - t 2/ r 2 + B(r) - k2]*. = Ap0 /z 4 .42 .
where
-V2 . a2 Vo
B(r) = p0 r - 1^ 2 (P0 /2r) 4.43.
A i s  a Lagrange m u l t i p l i e r  in troduced  to  keep the  t o t a l  number of nucleons 
co n s tan t .
In the  case o f  E2 semi d i r e c t  c a p tu re ,  e x c i t a t io n  o f  the  t a r g e t  
G.Q.R. can take  p lace  by a n u c le a r  i n t e r a c t i o n  between alpha p a r t i c l e  and 
core. The p a r t i c l e  v ib r a t io n  coupling i s  given by
h ' = RqI ^ -  EY0 a* °9R0 m 2m 2m 4.44.
Va i s  the  a lpha  p a r t i c l e  o p t ic a l  p o t e n t i a l ,  R0 th e  n u c lea r  ra d iu s  and
* po i s  the  time independent eq u il ib r iu m  d e n s i ty .
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is an operator which creates the collective E2 state. (See eq.2.70).
These results will now be used to calculate cross sections for the 
alpha capture reactions investigated.
4 4 7 V .
Elastic scattering of alpha particles from 40Ca has been studied 
at Ea v 10 MeV (Ro 68) and optical model potentials have been extracted.
Using a real Woods-Saxon type nuclear potential and a surface absorption term 
(proportional to the derivative of the real potential with respect to radius) 
it was found that three equivalent sets of parameters existed. The surface 
absorption term had an energy dependence given by
W + AE o cm 4.45.
where Wp is the potential well depth. The three parameter sets are in Table
4.5.
Table 4.5.
Opt.Set. Vo A *0.
(I) 25 0.506 -0.644
(II) 105 2.607 -10.665
(III) 132 3.047 -12.188
The real and imaginary radii and diffuseness parameters were the same for all 
three sets:
Rr = 5.2 fm. R^ = 5.0 fm.
a^ = 0.588 fm. a^ = 0.3 fm.
The Coulomb potential was taken to be that of a uniformly charged sphere inside 
the nuclear radius, and as 1/r outside the nucleus.
In self conjugate nuclei, isospin mixing is used to account for the 
observed radiative cross section through the compound mechanism. In this 
case, eq.2.60 is used to calculate the branching ratio of the compound state. 
Transmission coefficients for neutrons and protons are obtained by calculating 
phase shifts for p and n on the appropriate residual nucleus. Optical model 
parameters were taken from Pe 63 and Wi 64, these are listed in table 4.6.
These were used for all the calculations done. In Fig.4.31, the B for 
44Ti are shown for both El and E2 capture. Optical model parameter sets (I) 
and (III) have been used, and three values of e2 were used (10%, 20%, 40%).
Using the value of 10%, the total gamma ray absorption cross section
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( a c t u a l l y  a ^ r ^ / r ^ )  i s  c a l c u l a t e d .  T h is  i s  shown in  F i g . 4 .3 2 .  The 
con tinuous  l i n e  i s  a f i t  t o  Oy^ w ith  a L o re n tz ia n  w ith  Er  = 18 MeV, Tq =
4 MeV, T^y = 19.6 keV which e x h a u s ts  80% o f  th e  d ip o le  sum r u l e .  An a l t e r ­
n a t i v e  way o f  showing t h i s  i s  in  F i g . 4 .3 3 .  Here, th e  (a ,y )  c ro s s  s e c t io n  
i s  c a l c u l a t e d  from e q .2 .5 1 ,  and th e  p a ra m e te r  p ro d u c t  z2Yy/Y * ‘= 0 . 0 8  used .
In t h i s  r e a c t i o n ,  th e  d i r e c t  r e a c t i o n  mechanism i s  i s o s p in  fo rb id d e n .  There 
a re  sm all i s o s p in  v i o l a t i n g  components such as th e  n e u t ro n -p ro to n  mass 
d i f f e r e n c e ,  b u t  th e s e  have been shown t o  g ive  a n e g l i g i b l e  c o n t r i b u t i o n  (Sh 75 ) .  
L ines a to  e in  F i g . 4 .33 a re  c a l c u l a t i o n s  o f  semi d i r e c t  p ro c e s s e s  I and I I  
u s in g  d i f f e r e n t  o p t i c a l  model p a ra m e te r  s e t s .
E2 r a d i a t i v e  c a p tu re  can ta k e  p la c e  by compound o r  d i r e c t - s e m i
d i r e c t  p r o c e s s e s .  In  F i g . 4 .34 , c a l c u l a t i o n s  o f  compound and S.D. mechanisms
are  shown. I t  can be seen t h a t  th e  D .-S .D . mechanism u s in g  p a ra m e te r  s e t  I
i s  l a r g e r  th a n  th e  compound p r o c e s s ,  and i t  i s  d i f f i c u l t  t o  d ec id e  which
mechanism i s  dom inant. The two D .-S .D . c a l c u l a t i o n s  have been made assuming 
S Rt h a t  Ty/Fy* ’ = 60%, Sa = 0 .1 ,  and i t  i s  th e  d i f f e r e n t  o p t i c a l  p a ra m e te r  s e t s  
which cause th e  d i f f e r e n c e s  in  th e  c a l c u l a t i o n s .
58Ni
For N^Z n u c l e i ,  th e  m od if ied  b ran c h in g  r a t i o  which in c lu d e s  i s o s p in  
mixing i s  g iven  by
B“ = ETa + ETn -  j x f e r  { (2 T<+1) +
These are  i s o s p in  a llow ed r e a c t i o n s  f o r  e x c i t i n g  th e  G.D.R. The t o t a l  
a b s o rp t io n  c ro s s  s e c t i o n  f o r  th e  58Ni d a t a  was c a l c u l a t e d  u s in g  th e  above 
e x p re s s io n  and th e  r e l a t i o n s h i p  between a ( a ,y )  and OyQ e q .2 .5 7 .  The r e s u l t  
i s  q u i t e  i n s e n s i t i v e  t o  th e  i s o s p in  m ixing p a ram e te r  e2 , and i s  shown in  
F i g . 4 .3 5 .  OyG i s  q u i t e  c o n s ta n t  in  th e  expec ted  p o s i t i o n  o f  th e  T 1 G .D .R ., 
b u t  in c r e a s e s  in  th e  r e g io n  o f  a p o s s i b l e  T> G.D.R. Only 20% o f  th e  L.E.W.S.R. 
i s  exhaus ted  over  th e  G.D.R. r e g io n  as lo c a te d  from (y ,n )  r e a c t i o n s .  
C onsequen tly ,  a r e c t a n g u l a r  shape was assumed f o r  th e  T< reso n an ce  c e n t re d  
a t  th e  G.D.R. e x h a u s t in g  20% o f  th e  sum r u l e .  A sharp  upper re sonance  was 
assumed w ith  Er = 19.5 MeV, Y = 1 MeV. In F i g . 4 .3 7 ,  i t  can be seen  t h a t  th e  
d a ta  a re  q u i t e  w e ll  f i t t e d  w i th  th e s e  assu m p tio n s ,  namely Oys = Oy£ + e2cry^ 
where th e  s u p e r s c r i p t s  r e f e r  t o  T and T re s o n a n c e s .  The p a ra m e te r  p ro d u c t  
ezry/r ‘ = 16%. The up p er  re sonance  i s  taken  t o  be lo c a te d  a t  19.5 MeV w ith  
T = 1 MeV. Also shown in  F i g . 4 .37  a re  c a l c u l a t i o n s  o f  th e  d i r e c t  and semi 
d i r e c t  c ro s s  s e c t i o n s .  In b o th  cases  Sa = 1. The S.D. c a l c u l a t i o n  i s  f o r
T oge the r  w ith  e q .2 .5 1 .
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process I (Coulomb excitation only).
In Table 4.2, it can be seen that <A4/Aq> = -0.262 ± 0.030 has the 
largest value of all the reactions studied. In Fig.4.38, the E2 data extracted 
from angular distributions are shown together with calculations of compound, 
direct and semi direct processes. The data can be quite well fitted with a 
compound calculation with ry/ry*R* = 60%. However, the G.Q.R. of 58Ni has 
been measured by Chang et.al. (Ch 75) and found to exhaust 45% of the sum 
rule. If this is correct, the data can still be fitted with Ty/Ty*^* = 45% 
plus the direct-semi direct contributions, Sa = 0.1.
For the remaining two reactions, exactly the same procedure has been 
carried out. For both 64Zn and 65Zn* the general trend of the data are re­
produced qualitatively by the compound cross section calculation (El) . The 
E2 data cannot be fitted by any or all of the mechanisms, the maximum cross 
section is about an order of magnitude larger than the calculation. Again 
in the case of 66Zn, the qualitative features of the El cross section are 
well reproduced, especially the sudden fall when the neutron exit channel 
becomes available. This feature persists in the E2 calculations where the 
minimum of the dip is about two orders of magnitude smaller than the data.
There is a failure of the theory for the E2 strength in the case of the two 
zinc isotopes. '
In Table 4.6., the optical model parameters for calculating neutron 
and proton transmission coefficients are shown.
TABLE 4.6.
V
Neutron Proton
47.01-0.267E 
-0.0018E2
53.3-0.55E y
+27(N-Z)/A-0.4ZA_r3
w 0 0
w D 9.52-0.053E 13.5
vso 0 7.5
cUp 0.66 0.65
ai 0.48 0.47
aso - 0.65
rr
1.322-7.6A.10-4 
+4A2.10-6 1.25
ri 1.266-3.7A.10"4 1.25
ri - 1.25
rso - 1.25
The parameters for the protons were taken from Pe 63, and those for the 
neutron from Wi 63.
* See Figs.4.39 to 4.46.
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F i g . 4 .3 1 .  C a lc u la t io n s  o f  th e  b ran ch in g  r a t i o .  Ba f o r  o p t i c a l  model 
p a ra m e te r  s e t s  (I) and ( I I I ) ( ( I I )  and (III)  gave alm ost i d e n t i c a l  
an sw ers ) .  V alues o f  th e  i s o s p in  m ixing c o e f f i c i e n t  c 2 were 
10, 20 and 40%.
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F i g . 4 .5 5 .  (R efe r  to  p .146)
C a l c u l a t i o n s  o f  compound and S.D. r e a c t i o n  c ro s s  s e c t i o n s .  The two s o l i d  
l i n e s  a re  compound c ro s s  s e c t i o n s  c a l c u l a t e d  w i th  o p t i c a l  model pa ram e te r  
s e t s  I and I I I  (Table 4 . 5 ) .  The p a ram e te r s  o f  th e  L o ren tz ia n  shape o f  Oyg 
were taken  as Ep = 18 MeV, = 4 MeV, r^f/TG = 1 and e2r Y / r ^ ’R‘= 0 .08 .  
Curves a t o  e were c a l c u l a t e d  u s in g  the  pa ram e te r s  l i s t e d  below:
Curve S .D .p ro c e s s O p t . S e t . 6
a I I ( I l l ) 0.1 0.2
b I I ( I I ) 0.1 0.2
c I (I) 1 -
d I ( I I ) 1 -
e I I (I) 1 0 .2
Not shown 
( o f f  s c a l e )
I ( I I I ) 1 0.2
For d e f i n i t i o n  o f  p a ra m e te r  s e t s ,  see  Table 4 . 5 .  Note t h a t  
pa ram e te r  s e t  numbers a re  in  b r a c k e t s ;  s e m i - d i r e c t  p r o c e s s e s  I and II  
a re  w i th o u t  b r a c k e t s .
146 .
-OPT­
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L- on) \
Fig.4.34. Calculations of the E2 radiative capture cross section. The 
compound cross section has been calculated using the Ba from 
Fig.4.31. (rG+/rG is taken to be unity.) The D.-S.D. calcula­
tions assume that T y / T y ' ^ ’= 60%, Sa = 0.1. The parameters of 
the G.Q.R. are Er = 17 MeV, T = 4 MeV.
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lay.
Fig.4.36. Calculations of El and E2 Ba for 58Ni. The optical model para­
meter set was taken from Ya 73. The nuclear potential was para 
meterised with a Woods-Saxon potential with an imaginary term 
similar to the real part (Volume absorption)
V =42.5
LOLOilic3=
0
Rr = 5.65 Ri = 6.1
= 0.57 a^ = 0.57
The imaginary well depth had an energy dependence given by 
W = W0 + AEcm 
with A = 1.094 
(units are MeV, fm.)
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F i g . 4 .3 7 .  C a lc u la t io n s  o f  compound, d i r e c t  and semi d i r e c t  c ro s s  s e c t io n s  
f o r  El r a d i a t i v e  c a p tu r e .  The S.D. c a l c u l a t i o n  i s  f o r  p ro c e s s  
I o n ly .  The compound c a l c u l a t i o n  i s  made assuming a c o n s ta n t  
v a lu e  f o r  th e  T< re s o n a n c e ,  and a L oren tz  shape f o r  th e  T> w ith  
Ej* = 19.5 MeV, T> = 1 MeV, e2ry/ r SR = 16%.
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F i g . 4 . 3 8 .  C a l c u l a t i o n s  o f  compound, d i r e c t  and semi d i r e c t  c ro s s  s e c t i o n s  f o r  
E2 r a d i a t i v e  c a p t u r e .  The d a t a  i n d i c a t e  t h a t  d i r e c t  and semi 
d i r e c t  mechanisms c o n t r i b u t e  to  t h e  c ro s s  s e c t i o n .  This  i s  w i th  
Sa = 0 .1  and T y / r ^ R *  = 45%. However, th e  f i t  i s  a l s o  good i f  the  
compound c r o s s  s e c t i o n  i s  c a l c u l a t e d  w i th  T y / r^*R‘ = 60%. I t  i s  
n o t  p o s s i b l e  t o  dec ide  from th e  d a t a  between t h e  two p o s s i b i l i t i e s .
152
F
ig
.4
.3
9.
 
Th
e 
to
ta
l 
ga
m
m
a 
-a
bs
or
pt
io
n 
cr
os
s 
se
ct
io
n
 
fo
r 
bH
Zn
. 
T
he
 
cu
rv
e 
m
ar
ke
d 
10
0%
 
^
 
is
 
a 
L
or
en
tz
 
li
n
e 
ex
ha
us
ti
ng
 
10
0%
 
of
 t
h
e 
d
ip
ol
e 
su
m
 r
u
le
. 
It
s 
pa
ra
m
et
er
s 
ar
e 
Er
 =
 
16
 M
eV
, 
V 
= 
4 
M
eV
. 
Th
e 
sa
m
e 
o
p
ti
ca
l 
m
od
el
 p
ar
am
et
er
s 
w
er
e 
us
ed
 
as
 
fo
r 
th
e 
54
Fe
 
d
at
a.
 
e2
=0
.
153.
COMP. 100%T
F ig .4 .40 . The measured a (a ,Y 0) cross  s e c t io n  w ith a f i t  ob ta ined  assuming 
100% exhaustion  of the  d ip o le  sum ru le  ( s o l id  l i n e ) . D irec t  
and s e m i-d ire c t  c a lc u la t io n s  a re  a lso  shown fo r  comparison.
154.
Fig.4.41. The El and E2 branching ratios Ba. These were calculated using 
optical model parameters for the scattering of alpha particles 
from 5I+Fe.
155.
D-SD
\ COMP.
Fig.4.42. The o(a,Y0) cross section for E2 radiation. The compound calcula­
tion assumed that Ty/Ty *R* = 45%, Ep = 16 MeV, T = 4 MeV. The 
D.-S.D. calculation was made with Sa = 0.1, Ty/Ty'^’ = 45%.
156.
Fig.4.43. The El and E2 branching ratios for 66Zn. These were 
with the same optical model parameters as for 54Fe. 
is the a0 transmission coefficient, Ta0-
J_I_
2 0  ^
calculated 
Also shown
Fig.4.43.
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Fig.4.45. The (a,Y0) cross section. The compound calculation is made
assuming the T** cross section exhausts 100% of the dipole sum 
rule. Direct and semi direct calculations are also shown, these 
were done with Sa = 1, Er = 17 MeV, T = 4 MeV.
159 .
COMP.
F i g . 4 .4 6 .  The (a,Y0) E2 c ro s s  s e c t i o n .  The compound c a l c u l a t i o n  i s  made 
wi th  ry/rYs -R- = 45%, E r  = 16 MeV, T = 4 MeV. The D.-S.D. 
c a l c u l a t i o n  i s  made w i th  Sa = 0 . 1 .
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CHAPTER 5
5 . 1 . 1 .  I n t r o d u c t io n
This  c h a p te r  w i l l  c o l l e c t  to g e th e r  r e s u l t s  o f  th e  an a ly se s  made 
in  C hap te r  4 . I n t e r p r e t a t i o n  o f  th e  d a t a  w i l l  be made which i n d i c a t e  p r o ­
p e r t i e s  o f  h ig h ly  e x c i t e d  s t a t e s  in  th e  n u c l e i  s tu d ie d ;  t h a t  i s ,  in  44T i ,
58N i,  81+Zn and 88Zn a t  around 15 MeV e x c i t a t i o n  energy .
The f i r s t  p a r t  w i l l  summarise th e  v a lu e s  o f  <r> which were determ ined  
from a n a ly s i s  o f  th e  e x c i t a t i o n  f u n c t i o n s .  The fo l lo w in g  s e c t i o n  w i l l  e l a b ­
o r a te  on th e  r e s u l t s  o f  a n g u la r  d i s t r i b u t i o n  a n a l y s i s .  F i n a l l y ,  th e  methods 
used in  c a l c u l a t i n g  th e  El and E2 r a d i a t i v e  cap tu re  c ro s s  s e c t io n s  shown in  
F i g s . 4 .31  to  4 .46  w i l l  be d i s c u s s e d .
5 . 1 .2 .  E x c i t a t i o n  F un c tio n s  and Mean Level Widths
A ll  o f  th e  e x c i t a t i o n  fu n c t io n s  show v a ry in g  degrees  o f  s t r u c t u r e  
( F i g s . 4 .2  t o  4 .4 ,  p p . 8 8 -9 1 ) .  This i s  c h a r a c t e r i s t i c  o f  th e  random f l u c t u a t i o n  
s t r u c t u r e  seen  in  e x c i t a t i o n  fu n c t io n s  where gamma ray  o r  p a r t i c l e  em ission  
ta k e s  p la c e  from a compound n u c leu s  in  a re g io n  o f  e x c i t a t i o n  where T/D>>1.
In  th e  case  o f  4l*Ti, t h e r e  were a s u f f i c i e n t  number o f  d a t a  to  
c a l c u l a t e  th e  c ro s s  s e c t i o n  p r o b a b i l i t y  d i s t r i b u t i o n  P(a/<cr>) . I f  th e  number 
o f  d a t a  i s  s m a l l ,  th e n  th e  s t a t i s t i c a l  e r r o r  on each v a lu e  o f  P(a/<a>) i s  
l a r g e ,  and a m ean ingfu l h is to g ra m  such as shown in  F i g . 4.11 (p .101) cannot be 
c o n s t r u c t e d .  I t  was shown in  F i g . 4 .9  (p .99) t h a t  when p » < r >  (ex p e r im en ta l  
r e s o l u t i o n  >> mean le v e l  w id th) P (a/<a>) has a more o r  l e s s  sym m etrica l d i s ­
t r i b u t i o n  about o/<o> = 1. This  a n a l y s i s  was made on an a r t i f i c i a l l y  g e n e ra te d  
e x c i t a t i o n  fu n c t io n  w ith  N=1 which i s  th e  s i t u a t i o n  in  th e  Yo decay ch an n e l .
As can be seen in  F i g . 4.11 (p .1 0 1 ) ,  th e  1+0Ca(a,Yo) 4I+T i and I+0C a(a ,Y i)  4,+Ti 
e x c i t a t i o n  fu n c t io n s  had d i s t r i b u t i o n s  o f  o/<a> which resem bled  th o s e  o f  
F i g . 4 .9  (p .99 )  f o r  p>>T (p = 10T) . This  su g g e s ts  t h a t  th e  s t r u c t u r e  i s  caused 
by o v e r la p p in g  compound n u c leu s  s t a t e s .  The i n s t r i n s i c  f l u c t u a t i o n  s t r u c t u r e  
i s  averaged  over  by th e  ex p e r im e n ta l  r e s o l u t i o n .
The assum ption t h a t  t h i s  ( a ,y )  r e a c t io n  p roceeds  th rough  a compound 
mechanism i s  s t r e n g th e n e d  by th e  c a l c u l a t e d  c ro ss  s e c t i o n  shown in  F i g . 4 .33 
(p .1 4 6 ) .  E x c i t a t i o n  o f  T=1 s t a t e s  in  th e  compound n u c leu s  i s  fo rb id d en  i f  T 
i s  a good quantum number, b u t  on th e  assum ption t h a t  t h e r e  i s  o v e r la p  between 
T> and T< s t a t e s  in  th e  continuum, th e  s t r e n g t h  o f  th e  Yo t r a n s i t i o n  can be 
accoun ted  f o r .
161 .
The one c o n t r a d i c t o r y  p ie c e  o f  ev idence  a g a in s t  a compound 
mechanism i s  th e  sm all b u t  s i g n i f i c a n t  c ro s s  c o r r e l a t i o n  between Y q and Y i  
channe ls  ( F i g . 4 .1 0 ,  p .1 0 1 ) .  This  i s  p ro b a b ly  caused by th e  r e s o l u t i o n  damping 
o f  th e  f l u c t u a t i o n  s t r u c t u r e  in  th e  two e x c i t a t i o n  fu n c t io n s .
A nalyses o f  th e  t h r e e  rem ain ing  r e a c t io n s  were made on th e  assump­
t i o n  t h a t  s t r u c t u r e  in  th e  e x c i t a t i o n  fu n c t io n s  r e s u l t e d  from damped E r ic so n  
f l u c t u a t i o n s .
Below th e  Coulomb b a r r i e r ,  th e  ( ci , Y q )  c ro s s  s e c t io n  i s  sm all due to  
a sm all  a lp h a  p a r t i c l e  p e n e t r a b i l i t y .  Once th e y  a re  s u f f i c i e n t l y  e n e r g e t i c  
to  p e n e t r a t e  th e  t a r g e t  n u c le u s ,  th e  (cx,y) c ro s s  s e c t i o n  r i s e s  b u t  th e n  f a l l s  
due to  favou red  em iss io n  o f  n e u t ro n s  and p ro to n s  over  gamma r a y s .
The 62N i ( a , y ) 66Zn e x c i t a t i o n  fu n c t io n s  ( F i g . 4 .4 ,  p .91 )  a re  good 
examples o f  gamma em iss io n  b e fo re  t h e r e  i s  s u f f i c i e n t  energy a v a i l a b l e  f o r  
n e u tro n  e m is s io n .  Between 6 and 7 MeV. LAB energy ,  th e  Yo c ro s s  s e c t io n  
in c r e a s e s  by a f a c t o r  o f  4, w h ile  above th e  n e u tro n  t h r e s h o l d  energy  i t  
r a p id l y  f a l l s .  The f u r t h e r  in c r e a s e  above about 7 MeV a lp h a  energy  i s  due to  
th e  in c re a s e d  a lp h a  p a r t i c l e  p e n e t r a b i l i t y .  The c ro s s  s e c t io n  f a l l s  a t  h ig h e r  
e n e rg ie s  as th e  denom inator  o f  th e  b ra n c h in g  r a t i o ,  Ta o /ETc, i n c r e a s e s .  This 
i s  shown by th e  c a l c u l a t i o n  o f  BaQ in  F i g . 4 .4 3 .
A ll th e  e x c i t a t i o n  fu n c t io n s  were ana ly sed  by th e  methods d e s c r ib e d  
in  S e c t . 4 . 1 .3 .  p .9 4 .  I t  was found t h a t  th e  a u t o - c o r r e l a t i o n  te c h n iq u e  gave a 
v a lu e  o f  <T> which was o f  th e  o rd e r  o f  th e  e x p e r im en ta l  r e s o l u t i o n  p . Two 
o th e r  methods were a l s o  t r i e d .  The method o f  co u n t in g  maxima in  th e  e x c i t a t i o n  
fu n c t io n  ( e .g .  El 66) i s  on ly  s u i t a b l e  when p < « r > .  S im i l a r l y ,  th e  te c h n iq u e  
o f  F o u r ie r  a n a ly s i s  (He 68) i s  o n ly  s u i t a b l e  when p<<<r>.  In th e  p r e s e n t  
c a s e s ,  <r> tu rn e d  o u t  t o  be s i m i l a r  t o  p.
When th e  e f f e c t s  o f  e x p e r im e n ta l  r e s o l u t i o n  a re  ta k en  in t o  accoun t,  
( S e c t . 4 . 1 . 5 ,  p . 9 6 ) ,  mean l e v e l  w id ths  can be de term ined  when p>><T>. These 
agreed  q u i te  w e ll  w ith  th e  s y s te m a t ic s  o f  <T> in  t h i s  mass r e g io n .  A few 
examples a re  shown in  T ab le  5 .1  t o g e th e r  w ith  v a lu e s  from th e  p r e s e n t  e x p e r i ­
ments .
5 . 1 .3 .  A ngular D i s t r i b u t i o n s
The a n g u la r  d i s t r i b u t i o n s  a l l  showed assym etry  about 90° in  th e  Y q 
c h an n e l .  T h is  i s  c o n s i s t e n t  w ith  r a d i a t i o n  from o v e r la p p in g  1" and 2+ l e v e l s  
in  th e  compound n u c le u s .  The a b s o lu te  c ro s s  s e c t i o n s  f o r  th e  1" and 2+ com­
ponen ts  were e x t r a c t e d  by f i t t i n g  th e  d i s t r i b u t i o n s  w ith  e q .4 .1 6  (p .1 0 7 ) .
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TABLE 5 .1 .
Nucleus E x  (MeV) <r> keV
4°Ca* 18.8 10 ±5.0
4 4 T ^ t 1 2 .5 -
18.5 3 .4±0 .5
4 6 p p * 19.1 7 .4 ± 0 .5
54Fe* 9 .5 -
9 .9 5 ±1.0
58Ni + 1 4 .0 -19.5 7 . 3±1 . 1
64Zn+
i
O
 
L
O
 
O
 
0
0
r—
1 
i—
1
5 . 2±2.0
66Zn+ 8 .0 -18.0 3 .3 ± 1 .4
76Se* 17.0 0 . 7±0 . 1
The n u c l e i  marked w ith  a * a re  from th e  
t a b u l a t i o n  o f  Braga-M arcazzan and M ilazzo- 
C o l l i  (B-M 6 8 ) .  t  a re  from th e  p r e s e n t  
e x p e r im e n ts .
The average  r a t i o  o f  a ( 2 +) / a ( l - ) v a r i e d  from about 14% in  44Ti to  18% in  
54Fe (T ab le  4 .2 . )  and th e  average  v a lu e  o f  th e  i n t e r f e r e n c e  ang le  0^2 la y  
w i th in  a few d eg rees  o f  90° .  (Table 4 .4 ,  p .133) . This  v a lu e  o f  0i2 has 
been o b ta in e d  from most a lp h a  c a p tu re  work on SD s h e l l  n u c l e i .  I t  may be 
u n d e rs to o d  on th e  b a s i s  t h a t  t h e r e  a re  many 1“ and 2+ s t a t e s  c o n ta in e d  w i th in  
th e  r e s o l u t i o n  p. V arious  amounts o f  i n t e r f e r e n c e  w i l l  o ccu r  over t h i s  energy 
i n t e r v a l  ( 0 i2 <9O° and O ^ ^ O 0) b u t  th e  average  e f f e c t  w i l l  be no i n t e r f e r e n c e  
(012=90°).
Ti T r a n s i t i o n s
The Yj t r a n s i t i o n  to  th e  f i r s t  e x c i te d  s t a t e  a re  from h ig h ly  e x c i te d  
c o l l e c t i v e  s t a t e s  t o  low energy  c o l l e c t i v e  s t a t e s .  The f i r s t  e x c i te d  s t a t e s  
in  th e  r e s i d u a l  n u c l e i  a l l  have J  = 2+ a t  about 1 MeV above th e  ground s t a t e .  
These decay by E2 t r a n s i t i o n s  which a re  enhanced over th e  extreme s in g le  p a r t ­
i c l e  W eisskopf e s t im a te  by a f a c t o r  o f  ro u g h ly  tw en ty ,  and have e n e rg ie s  which 
are  w e ll  accoun ted  f o r  by th e  c o l l e c t i v e  model.
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I t  i s  conven ien t  to  th in k  o f  th e  in v e r s e  p ro c e s s  o f  th e  Y]_ decay. 
This  means t h a t  gamma ra y  a b s o rp t io n  o ccu rs  e x c i t i n g  th e  r e s i d u a l  n u c leu s  
from i t s  2+ i n i t i a l  s t a t e  t o  th e  f i n a l  p a r t i c l e  unbound s t a t e .  This p ro c e ss  
i s  compared w ith  th e  Yq a b s o rp t io n  in  F i g . 5 .1 .
^15 Mei^jr-yx
TO
0+
(a)
^15 MeV ^ j ST ^
Tl
'v .l- 
0 _
-2+
_ 0 +
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F i g . 5 .1 .
In (a) a b s o rp t io n  o f  r a d i a t i o n  e x c i t e s  th e  n u c leu s  
from th e  ground s t a t e  t o  th e  continuum s t a t e ;  in  
(b) a b s o rp t io n  occu rs  from th e  f i r s t  2+ s t a t e  to  
th e  continuum.
As d is c u s s e d  in  C hap te r  2 , th e  a b s o rp t io n  o f  El r a d i a t i o n  from th e  
ground s t a t e  ap p ro x im a te ly  e x h au s ts  th e  El sum r u l e .  The s t r e n g t h  o f  th e  Yi 
a b s o rp t io n  i s  u s u a l l y  o f  th e  same o rd e r  as th e  Yo s t r e n g t h ,  and co n seq u en t ly  
a G.D.R. i s  s a id  to  be b u i l t  on th e  f i r s t  e x c i te d  s t a t e .  Coupling o f  th e  El 
a n g u la r  momentum to  th e  2+ s t a t e  can le a d  to  f i n a l  s t a t e s  w ith  J 77 = 3“ , 2“ o r  
1 . However, in  th e  a lp h a  c a p tu re  r e a c t i o n ,  on ly  s t a t e s  o f  n a t u r a l  p a r i t y  can 
be e x c i t e d  and th e s e  w i l l  have J  = 3  o r  1“ .
The a b s o rp t io n  o f  Ml r a d i a t i o n  le ad s  to  p o s i t i v e  p a r i t y  s t a t e s ,  bu t 
aga in  th e  o n ly  ty p e  o f  concern  in  a lp h a  c a p tu re  r e a c t i o n s  a re  th o se  w ith  
J77 = 2+ .
S t a t e s  w ith  J U = 4+ , 3+ , 2+ , 1+ and 0+ can be e x c i te d  by th e  ab so rp ­
t i o n  o f  E2 r a d i a t i o n .  The l e v e l s  p a r t i c i p a t i n g  in  th e  Yi E2 decay w i l l  be 4+, 
2+ and 0+ o n ly .
7TTo summarise, s t a t e s  w ith  J  = 4+ , 3 , 2+ , 1~ and 0+ may be e x c i te d  
in  th e  a lp h a  c a p tu re  r e a c t i o n ,  and E l ,  E2 and M1/E2 adm ix tu res  can be p r e s e n t  
in  decay to  th e  2+ f i r s t  e x c i t e d  s t a t e .
164.
I t  i s  assumed t h a t  e l e c t r i c  d ip o le  a b s o rp t io n  to  1” and 3~ s t a t e s  
w i l l  have a much l a r g e r  s t r e n g t h  than  E2 and M1/E2 a b s o r p t io n .  T h is  i s  because
a) an a p p re c ia b le  f r a c t i o n  o f  th e  t o t a l  E2 and Ml s t r e n g t h  i s  
ex h au s ted  in  t r a n s i t i o n s  between d i s c r e t e  l e v e l s  (>50% o f  th e  
a p p r o p r ia t e  sum r u l e ) ; and
b) th e  r a t i o s  o f  E2 and Ml r a d i a t i v e  w id ths  to  th e  El w id th  are
ex p ec ted  to  be s m a l l .  Even i f  b o th  t r a n s i t i o n s  ex h au s t  th e  
a p p r o p r ia t e  sum r u l e s ,  then  ry(E2) /ry (E l)M ) .  5%. (E q .4 .27
and 4 .3 5 ) .
As long as th e  m component o f  a n g u la r  momentum i s  conserved  d u r in g  
th e  Yi decay , th e  r a d i a t i o n  can have an (£,m) a n g u la r  d i s t r i b u t i o n  where m i s  
n o t  n e c e s s a r i l y  z e ro .  However, th e  i n i t i a l l y  a l ig n e d  s t a t e  o f  th e  e x c i t e d  
n u c le u s  makes a n a l y s i s  o f  th e  a n g u la r  d i s t r i b u t i o n s  p o s s i b l e .  The observed  
c ro s s  s e c t i o n  i s  d iv id e d  i n t o  component c ro s s  s e c t i o n s  due t o  e x c i t a t i o n  o f  
p a r t i c u l a r  s t a t e s .  The f r a c t i o n  o f  each in  th e  t o t a l  c ro s s  s e c t i o n  i s  denoted
t TC tt
by FJ (AL) where AL i s  th e  type  o f  r a d i a t i o n  from a p a r t i c u l a r  s t a t e  J  . They 
a re  n o rm a l is e d  such  t h a t
l Fj V l) = A0 —  5 .1 .
J  ,AL
where A0 i s  t h e ' f i r s t  c o e f f i c i e n t  in  th e  expansion :
W(0) =n t 0 \iQnPn Ccos6 ) —  5 .2 .
where th e  Qn’ s (n = 0 ,4 )  a re  a t t e n u a t i o n  c o e f f i c i e n t s  as in  e q .4 .1 7 ,  C hap te r
4.
The a n g u la r  d i s t r i b u t i o n  can be w r i t t e n  as
W(0) = [F3" (E l '){ l+ a^"P 2 Ccos0)} + F1 ’ ( E l ){ l+ a 2 _P2 ( co s 0) }
+ FO+(E 2 ){ l+ a°+P2 tcos0) + a °+P4 (cos0)}
+ F2 + (M l/E 2){ l+a2+P2 Ccos0)+a4+P4 (cos0)}  ] x AQ
+ ( I n t e r f e r e n c e  te rm s in v o lv in g  Pj and P3) —  5 .3 .
-rTT
where th e  a^ (j = 2 , 4 )  c o e f f i c i e n t s  a re  l i s t e d  in  T ab le  5 .3 .
I n t e r f e r e n c e  e f f e c t s  a re  p r e s e n t  because  T/D>>1, and a l l  th e  s t a t e s  
can be e x c i t e d  c o h e r e n t ly .  I f  t h e  c o e f f i c i e n t s  o f  eq -5 .2  a re  equa ted  to  th o se  
o f  e q .5 .3 ,  a s e t  o f  e q u a t io n s  r e s u l t s .
t1T
There a re  f o u r  unknown F [AL) in  t h r e e  e q u a t io n s ,  and so a unique 
s o lu t i o n  i s  n o t  p o s s i b l e .
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TABLE 5 .3 .
Type a J 71a 2
tH
a 4
Levels
Invo lved
El -0 .4 0 3"->2+
El - 0 . 1 0 1-+2+
Ml 0.5 0 2+->2+
E2 -0 .15306 -0 .48980 2+ +2 +
E2 0 0 0++2+
Legendre po lynom ial c o e f f i c i e n t s  f o r  e q .5 .3 .  I t  
i s  i m p l i c i t  in  e q .5 .3 .  t h a t  each a^ 77 i s  m u l t i ­
p l i e d  by Qj ( j  = £ , 4 ) • J
F3“ (El) + F1 ~ (El) + F0+ (E2) + F2+ (M1/E2) = 1
a |~ F 3 ~(El) + a ^ V 'C E l )  + a ° +F0+ (E2) + a2+F2+ (M1/E2) = A2/A0 >
a°+F0+ (E2) + a2+F2 + (Ml/E2) = A4/A0
- - -  5 .4 .
However, in  th e  even t t h a t  A4 /A0 i s  c lo s e  to  z e ro ,  th e  2+->2+ (M1/E2) t r a n s ­
i t i o n  s t r e n g t h  w i l l  be n e g l i g i b l e .  This  does n o t  exc lude  th e  p o s s i b i l i t y  o f  
a p u re  E2 0+->2+ t r a n s i t i o n  though which w i l l  c o n t r i b u t e  an i s o t r o p i c  background 
to  th e  d i s t r i b u t i o n .  For r e a s o n s  g iven e a r l i e r ,  i t  i s  p ro b a b le  t h a t  t h i s  E2 
component i s  q u i t e  s m a l l .  In th e  Yo t r a n s i t i o n  i t  was found to  be about 15% 
o f  th e  El s t r e n g t h .  I f  F2+ (M1/E2) and F0+ (E2) -  0, then  e q s .5 .4  s im p l i fy  
and th e  s o lu t i o n s
F3 - (E l) = - ( 0 . 1+A2 /A0) / 0 . 3
F1~(El) = ( 0 . 4+A2 /A 0) / 0 .3
a re  o b ta in e d .  These f r a c t i o n s  were computed f o r  th e  Y]_ t r a n s i t i o n s  and a re  
shown in  T ab les  5 .4  to  5 .8 .  They a re  on ly  f o r  d i s t r i b u t i o n s  where A4 /Aq was 
c lo se  to  ze ro .
In th e  40C a ( a ,Y i ) 44Ti r e a c t i o n ,  from th e  t h r e e  d a t a  a v a i l a b l e  in  
Table 5 .4 ,  t h e r e  ap p ea rs  t o  be an in c r e a s in g  c o n t r i b u t i o n  from 1" s t a t e s  as 
th e  e x c i t a t i o n  energy  i n c r e a s e s .  However, i t  i s  d i f f i c u l t  to  a f f i rm  th e s e  
t r e n d s  w ith  any c e r t a i n t y  on th e  b a s i s  o f  on ly  t h r e e  p o i n t s .  The average  
v a lu e s  g iv e  about equa l  c o n t r i b u t i o n s  from 1" and 3“ s t a t e s .
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TABLE 5.4. 
40Ca(ct,Yi)44Ti
Excitation Energy 
(MeV) F3~(E1) F1~(El) Error
14.59 0.827 0.173 0.129
14.83 0.683 0.317 0.123
15.15 0.163 0.837 0.173
14.86 < >=0.558 < >=0.442 0.083
TABLE 5.5. 
54Fe(a,Yi)58Ni
Excitation Energy 
(MeV) F3 (El) F1 (El) Error
14.13 0.337 0.663 0.245
14.55 0.577 0.423 0.266
16.78 1.177 -0.177 0.210
15.15 < >=0.697 < >=0.303 0.139
For the 54Fe(a,Yi)58Ni reaction, again there are only three 
angular distributions where A4/A0 - 0. There appears to be a decreasing 
contribution from 1~ states from Ex = 14.13 to 16.78, and on the average the 
3 ->-2+ El cross section is twice as large as the l"->-2+ El cross section.
In Tables 5.6 and 5.7, the F3_(E1) and F1_(E1) values are shown for 
the 60Ni(a,Yi)54Zn and 62Ni(a,Yi)66Zn reactions. There is no systematic trend 
in these values, and the average F3_§F1- ratios are 44859 and 66840 for the 
two reactions respectively.
In all the reactions except 60Ni(a,Yi)64Zn, there was on average 
a slightly larger contribution to the cross section from 3“->2+ transitions 
than l~->2+ . In order of the Tables 5.4 to 5.7, the ratios of 3--^ 2+ol“->-2+ 
strengths were 56844, 70830, 44859 and 60840.
TABLE 5 .6
60N i ( g , Y i ) 64Zn
E x c i t a t i o n  Energy 
(MeV) F3"(E1) F1" (El) E r r o r
10.56 0.01«) 0.980 0.101
11.03 0.533 0.467 0.083
11.97 0.533 0.467 0.073
12.67 0.219 0.780 0.087
13.38 1.003 -0 .003 0.086
14.31 0.510 0.490 0.093
15.72 0.059 0.940 0.164
12.81 < >=o.4IO < >=0.589 0.039
TABLE 5 .7 .  
62N i(a ,Y I ) 66Zn
E x c i t a t i o n  Energy 
(MeV)
F3"(E1) F1" (El) E r r o r
9 .30 -0 .155 1.155 0.220
10.24 1.027 -0 .027 0.147
10.94 0.480 0.520 0.087
11.65 0.660 0.340 0.200
12.12 0.873 0.127 0.187
12.58 0.310 0.690 0.206
13.05 0.557 0.443 0.160
13.29 0.430 0.570 0.163
13.76 0.440 0.560 0.147
14.70 0.880 0.120 0.163
15.40 1.077 -0 .077 0.217
12.46 < >=0.598 < >=0.402 0.053
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The 40Ca(a,Yi)44Ti and 54Fe(a,Yi)58Ni data indicated that there was 
M1/E2 radiation from 2+-*2+ transitions over most of the energy range.
(A4/A0 = 0) . The other two reactions showed little M1/E2 admixture in the Y]_ 
channel, <A4/Aq> = -0.014 for 60Ni(a,Yi)64Zn and <A4/A0> = -0.022 for 
62Ni(a,Y!)66Zn.
It may be concluded that the G.D.R. built on the first excited 
state was excited by the alpha capture reaction. Evidence of a G.Q.R. can 
only be obtained if 2+ states are excited predominantly. No information can 
be obtained from E2 radiation from 0+-*2+ transitions since this contributes 
an isotropic background to the angular distribution. The G.Q.R. built on the 
first excited state is thus very difficult to observe because a) it can
7Thave a J of 4+ , 2+ or 0+ populated by the alpha capture reaction, and
b) the gamma ray intensity is expected to be small compared with particle
emission because /£T.<<1. (Note that r S ( b u i l t  on 2+ state)/
r n r ’ 1 * rry^**(built on 0+ state) ^ [(Ex-1 MeV)/Ex]5 ^ 70%).
5.1.4. Calculations of El and E2 Cross Sections
In all the reactions studied, the El cross section has been satis­
factorily explained by assuming a compound nucleus type mechanism. The total 
photonuclear absorption cross section (ayg) was calculated by dividing the 
(a,Yo) cross section by essentially the alpha particle branching ratio
from the highly excited compound nucleus state. In the case of self conjugate 
nuclei, it is necessary to include an isospin mixing parameter in BaQ because 
excitation of T> states (TgS+l) by alpha capture is forbidden by elementary 
isospin coupling rules.
Similarly, in N^Z nuclei, only states are excited, and if there 
is evidence of T> states contributing to the cross section, it is necessary 
to include isospin mixing.
40Cafa.Yn!44Ti El cross section
The total photoabsorption cross section is shown in Fig.4.32, p.144. 
The G.D.R. appears to be localised in a Lorentz-shaped peak centered at 18 
MeV excitation energy. Unfortunately, the (a,Yo) cross section above about 
18V2 MeV excitation energy became too small to reliably measure and so the 
full line shape cannot be obtained from the data.
Three sets of optical model parameters were available (Sets (I),
(II) and (III)) from analysis of alpha particle scattering on 40Ca. Over the 
range of data, they gave quite similar values of OyG* A value of e2 = 0.1
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was used in the calculation, and this produced a Lorentz-shaped line with
Er = 18 MeV, Ty/r^’^ *  = 80% and Tq = 4 MeV. It should be noted that only the 
9 S Rproduct of e2 and Ty/Ty* ' is meaningful, different values of c2 lead to
S R  s Rdifferent values of r^/Ty* * so that e2ry/ry* ’ is always constant with a
value of 0.08. All the strength of the G.D.R. should lie in this single
S Rresonance, and a value of Ty/Fy* ' = 80% is reasonable. In Fig.4.33, p.145, 
the same data are shown in the form of the (a,Yo) cross section. As mentioned 
above, the different optical model parameter sets gave similar fits over the 
range Ea = 8 to 16 MeV (Ex=12.4-19.6), but below Ea = 8 MeV, for sets (I) and 
(III) the calculations diverge. It is probable that the cross section also 
falls below this energy since the Coulomb barrier is at roughly 8.8 MeV. This 
tends to favour parameter set (I).
The conclusion is that the G.D.R. of 44Ti built on the ground state 
is excited by alpha particle capture. A reasonable overlap between T> and T< 
states (vlo%) can adequately account for this.
54Fe(a.Yn)58Ni El cross section
58Ni has been studied at excitation energy in the continuum by
several different reactions. Cross sections for (y,n), (y,p) , (Y>xn) and
(e,e’) have been measured. Many of the experiments before 1960 were done with
natNi targets (67.8% 58Ni) and activation analysis was qsed. (That is, the
decay of 87Ni in the (y ,ti) reactions). These data tend to have quite smooth
excitation functions with a peak energy around 19 MeV and a F.W.H.M. of about24 24
5 MeV. The integrated (Y,n) cross sections vary from ^  = 0.18 to = 0.33
MeV.b.* It was found that proton emission was more favoured than neutron
32 32emission from 58Ni with ^o(y ,p ) a ( y >n) = 2.35±0.2. As pointed out, these 
data were obtained with natNi targets, and the method of analysis gives the 
cross section for decay to all possible states of 57Ni.
Later experiments used enriched 58Ni (^99%) and detected the neutrons
directly. These data favoured a peak at around 17 MeV with r = 4.5 MeV and
1  = 0.185. This agreed quite well with the (e,e’) result of E d = 17.3 MeV,Ln 30
F =4.5 MeV and pRCJpoT = 0.87. It should be mentioned that the (e,e’) data 
took no account of the different multipolarities being excited. (See Table 
5.4. for reference).
More refined (Y,n) measurements showed that the excitation function 
30
had several peaks and = 0.310. In Table 5.4, some of the data from (y,n) 
(activation analysis, natNi) (y,n) (neutron detection, enriched 58Ni) and 
(e,e*) experiments are shown.
b b* The notation | is used for fadE, with th for threshold, 
a - a
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The differences between pre 1960 and post 1960 data are probably 
due to the differences in technique.
In Fig.4.35, p.148, the data from the present experiment show that 
cjyG is quite constant over the region 14-18 MeV excitation energy, but 
increases at about 19 MeV. There is no evidence of the shape found in (y,n) 
and (y,p) experiments. It is assumed that the G.D.R. is split into and T> 
resonances and that both are excited in the alpha capture reaction. The total 
photoabsorption cross section is then written as
aYG = aYG + g2(JYG
o-yQ is taken to be constant, and 0y^ a Lorentzian with Ep = 19.5 MeV and
T = 1 MeV. It was found that Gy^ was quite insensitive to the value of e in
the calculation. The data exhausted about 20% of the El sum rule and a fit
SRwas made with e2Py/ry‘ ’ = 0.16.
Because the lower resonance is quite constant, it is difficult to 
estimate the separation of T< and T> centroids. From the (y,n) work in Table 
4.5, the T< resonance energy may lie at about 17 MeV. In this case, the energy 
splitting of the resonances is about 2.5 MeV. This gives a value for the 
symmetry energy U (eq.2.34, p.44) of 1.25 MeV, or V = 73 MeV (Table 2.2, p.53). 
This value appears to fit in quite well with those in Table 2.2. However, the 
shape of the upper resonance is not certain because the (a,Yo) cross section 
became too small to measure above Ex - 20 MeV. It is probable that considerable 
strength lies above the limit of the present data since I ayG/“^— ^ 20%. This 
makes the parameters assigned to the T> resonance rather uncertain and con­
sequently the value of V unreliable.
60Ni(a.Vn) 6l4Zn El cross section
Most of the previous measurements on 64Zn have been made by activ­
ation analysis. (1 to 5 in Table 5.5.) Paul et.al. (Pa 71) have measured 
the 63Cu(p,y)64Zn reaction and deduced a splitting of the G.D.R. into T> and 
T< components. (See Fig.4.14, p.105).
In the (a,y) reaction, the cross section falls rapidly in the region
of 16 MeV where the T< resonance might lie (Fig.4.14 and 4.40). In Fig.4.39,
OyQ has been calculated from the (a,y) cross section. It is quite constant
in the region of 16 MeV on average. It is difficult to say whether OyQ is
falling above Ex = 17 MeV as would be the case if the T< resonance lay at
about 16 MeV and the T> at about 19 MeV. The compound calculation in Fig.4.40
S Rhas been made with e2 = 0 and Ty/Ty* ' = 100%. From Fig.4.39, it appears that
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Cross
Section Eo r
b
/ dE 
a
% S.R. Ref.
(y>n) 18.5 7.1 2i41 0.830 87 Pr 50
(Y,n) 18.7 .7.9 2i4 0.990 ■ 103 Ka 51
(Y,n) 16.3 6.3
27
1 0.66 0 69 Ga 56
(y Jn) 17.2 7.0
23
| 0.330 34 Ro 60
(y  >n )
16.0
17.5
19.5
8
23
\> ° - 36 38 Ow 68
(p >y )
15.8
18.9
4
2
- - Pa 71
TABLE 5.5.
The G.D.R. of 54Zn seems to be split into at 
least' two peaks and possibly three (Ow 68).
the T< resonance is excited consistent with that identified by Paul et.al.
(Pa 71) from (p,y) measurements. As in the previous cases, the (a,y) cross 
section becomes too small to measure in the region of the proposed upper
G.D.R.
62Nifq.Yn)66Zn El cross section
The (q,Y0) cross section for this reaction was converted to Oy^ as 
in the previous cases. It is quite constant over the region 11.5 to 15 MeV. 
There is some evidence of a peak at about 16 MeV, and it was assumed that the 
T< resonance lay at 16 MeV with T = 4 MeV.
The qualitative features of the (q,y) cross section are reproduced by 
the compound calculation in Fig.4.45. Below Ea = 7 MeV though, the cross 
section falls off much more rapidly than the calculation.
Summary of the El data
The (a,To) El cross sections have been quite well fitted by compound 
nucleus calculations. In the case of 44Ti, roughly 10% overlap of T> and T<
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states in the region of the G.D.R. could explain the strength of the isospin 
forbidden El decay. The G.D.R. of 58Ni appears to be split into upper and 
lower components. Excitation of the upper resonance is due to the isospin 
mixing of T> and T< states. The G.D.R. of 8LfZn and 88Zn consisted of a single 
T< component over the region of excitation energy studied.
Direct and semi direct contributions to the cross sections were found 
to be negligible compared with the compound nucleus contribution.
E2 transitions ,
The E2 radiative capture cross section has much larger statistical 
uncertainties than the El cross section. For example, if the fraction of E2 
strength in the cross section is 10%, then the statistical error in 200 counts 
would be about 7% in the El cross section and 22% in the E2 cross section. It 
is therefore difficult to accurately obtain the E2 cross section in alpha 
capture reaction data.
In the S.D. shell nuclei, whenever the data are more or less com­
pletely known up to the expected position of the G.Q.R., the integrated gamma 
ray strength is found to exhaust approximately 50% of the isoscaler Gell-Mann- 
Telegdi sum rule, /(üy/E2)dE. The remaining strength lies in the isoscaler 
G.Q.R. (See Table 2.3, p.56).
^Cafa.vl^Ti E2 cross section
The data and fit for this reaction are shown in Fig.4.34. It is 
difficult to decide whether the direct-semi direct or the compound calculation 
gives a better fit. The equivalent optical model parameter sets give very 
large differences in the D-S.D. calculations and appreciable differences in the 
low energy part of the compound calculation. It was found that the direct and 
semi direct capture processes for E2 capture in the 28Si(a,Yo)32S and 
38Ar(a,Yo)40Ca were dominant (Sh 75). It is plausible that this will also be 
the case in 44Ti where the target nucleus (40Ca) acts as an inert core with its 
doubly closed neutron and proton shells.
54Fefa.YfO 58Ni E2 cross section
The direct-semi direct and compound calculations are of the same 
order of magnitude (Fig.4.38). The G.Q.R. in 58Ni has been investigated by 
Chang et.al. (Ch 75) and found to exhaust 45% of the L.E.W.S.R. If r.y/ry*R* = 
45%, the E2 cross section in the present experiment can be fitted with the sum 
of direct-semi direct and compound calculations. However, the compound cross 
section calculation can also fit the data if Ty/Ty' *= 60%. Since there is a
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10% e r r o r  on th e  number g iven  by Chang e t . a l . ,  i t  i s  n o t  p o s s i b l e  to  dec ide  
unam biguously  th e  m ix tu re  o f  D-SD and compound c o n t r i b u t i o n s .
60N i ( a , Y n ) 64Zn and 62Ni ( a . Yn)  66Zn E2 c ro s s  s e c t io n s
The H2 c ro s s  s e c t i o n  c a l c u l a t i o n s  f o r  th e s e  two r e a c t i o n s  f a i l e d  
co m p le te ly  to  rep ro d u ce  th e  m agnitude o r  shape o f  th e  E2 c ro s s  s e c t i o n .  There 
i s  ro u g h ly  a f a c t o r  o f  te n  d i f f e r e n c e  between th e  d a ta  and th e  c a l c u l a t e d  
c ro s s  s e c t i o n .
G eneral c o n c lu s io n s  on E2 c ro s s  s e c t io n s  '
The E2 c a p tu r e  c ro s s  s e c t io n  c a l c u l a t i o n s  show t h a t  d i r e c t  and semi 
d i r e c t  p ro c e s s e s  a re  much more im p o r ta n t  th a n  in  th e  El case .
In th e  n u c l e i  s t u d i e d ,  th e  E2 s t r e n g t h  was sp read  ou t over th e  
i n t e r v a l  o f  e x c i t a t i o n  energy  w ith  no ev idence  o f  a compact g i a n t  quadrupole  
re so n a n c e .
As m entioned on p .1 7 3 ,  th e  E2 c a p tu re  c ro s s  s e c t i o n  i s  d i f f i c u l t  
t o  measure a c c u r a t e l y ,  b a s i c a l l y  because  o f  th e  v e ry  sm all -cross s e c t io n s  
in v o lv e d .  A sm all  background c o n t r i b u t i o n  to  th e  spectrum  does n o t  in c re a s e  
th e  e r r o r  on th e  e x t r a c t e d  El i n t e n s i t y  v e ry  much, b u t  i t  can g r e a t l y  a f f e c t  
th e  e x t r a c t e d  E2 i n t e n s i t y .  R e v e r t in g  to  th e  example on p .1 7 3 ,  suppose th a t  
in  200 c o u n ts ,  20 o f  them a re  due to  th e  E2 c ro s s  s e c t i o n .  I f  t h e r e  i s  a 
background o f  10 coun ts  s a y ,  th en  th e  s t a t i s t i c a l  e r r o r s  w i l l  be
El (180-10) ± 14 F r a c t i o n a l  e r r o r  ^7%
E2 (20-10) ± 6 F r a c t i o n a l  e r r o r  ^60%
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APPENDIX A A(I)
In this appendix, the exchange energy J(R) will be derived.
The basic ideas involved are seen if the neutron is considered to
be in a pure n£j orbit and the cores are taken as point particles. Since
the spin of the cores is zero, there is no coupling of the valence neutron
to the core involved, but the initial formalism ignores the spectroscopic
factor of the ply state in 13C. 
h.
With this in mind, the exchange energy is given by: '
J(R) = / I j W  Vcn(r) ifb (r-R) d3r —  A(l)
where Vcn is spherically symmetric. The integral can be evaluated analyti­
cally if the assymptotic forms of the neutron eigenfunctions are used. This 
is justified post priori by comparison of the answer with one obtained by 
numerical integration of equation A(l). In the analytic approach
<j)a(r) = Nxh ^  (iar)Y^(r)
<f>b = N2h£^ (-ia I -"-I ) Y£^
A(2)
where Nj and N2 are normalisation constant which are the ratio between the 
real assymptotic wave function and the spherical hankel function. This is 
subject to some variation depending on how the real wave function is calcu­
lated. Ambiguities in the optical model parameters make it impossible to 
assign a universal value to N. In this respect, the parameter used to fit the 
data is a product of N and S (S is the spectroscopic amplitude). A useful 
comparison of S2 between different experiments can only be made when a con­
stant value of N is used. In this experiment, N was the same as that used by 
W. von Oertzen et.al. (von Oe 75) so that direct comparison of S2 obtained 
by him and the present work was possible.
The first step in the analytic evaluation of eq.A(l) is to use an 
addition theorem derived by Buttle and Goldfarb (Bu 66) inter alia. ^ (r-R) 
(eq.A(2)) is written
<f>, ( r - R )  =  N 2/ 47„ S ,  , C - l )  ^ C A 2+ R . - Ä . , D £  £
---- - z ßViran' ' -4-r- x
(Änd^n^U’™') U0£20|£'0) x h^p (iaR)Y*m (R) jp, (iar)Yp ,m , (r) —  A(3)_
£ ' m '
\Where the symbol a appears, it stands for (2a+l) 'z. Spherical harmonics are 
denoted by Y^ as well as Y^m . If <£a(r) (eq.A(2)) and ^bfc“^  (eq.A(3)) are 
inserted in eq.A(l), then the first thing to notice is that an integration
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ACH)
over th e  an g u la r  c o o rd in a te s  o f  (0 r e s u l t s  o f  th e  form
= sv t l  —  A(4)
because  t h i s  i s  th e  o r th o n o rm a l i ty  c o n d i t io n  f o r  s p h e r i c a l  harm onics .
In th e  t r a n s f e r  o f  a p y  n e u t ro n  from an i n i t i a l  s t a t e  to  an 
i d e n t i c a l  s t a t e  in  13C, &i=&2=l* This  s i m p l i f i e s  eq.A(3) somewhat:
=  ( ' l : i  I &in<i)
X (tOÄjOlijOhUhiaRJY^CR) X j (iar)Y (r) A(5)
where th e  r e s u l t  o f  eq.A(4) has been used a l s o .
The rem a in ing  c o r d in a te  o f  e q .A ( l )  i s  r ,  and an i n t e g r a l  o f  th e
type
re m a in s .
I = ? j*  ( i a r ) V c n ( r ) h J 1^ ( i a r ) r 2d r
Ä1
A(6)
B u t t l e  and G o ld fa rb  (Bu 66) show t h a t  t h i s  can be e v a lu a te d  
in d e p e n d e n t ly  o f  th e  f u n c t i o n a l  form o f  Vc n (r)  as
I = ( - r ^ E ß / a 3 —  A(7)
where Eg i s  th e  n e u t ro n  s e p a r a t io n  energy  from 13C, and a i s  g iven  by
a2 = 2mnEg/fi2 ----  A(8)
m  ^ i s  th e  reduced  n e u t ro n  mass. (Reduced w ith  r e s p e c t  t o  a 12C c o r e ) .
From e q .A (5 ) ,  i t  can be seen t h a t  0$A$2. T h is  i s  th e  obvious 
r e s u l t  t h a t  th e  t r a n s f e r r e d  a n g u la r  momentum in  going from a p y  s t a t e  to  a
Pi, s t a t e  can be 0, 1 o r  2 u n i t s  o f  a n g u la r  momentum. I f  £>0, J(R) becomes
/2 * a t e n s o r  i n t e r a c t i o n  by v i r t u e  o f  th e  (R ) . However, in  a p ro p e r  t r e a tm e n t
which a l s o  in c lu d e s  th e  s p in s  o f  th e  two n u c l e i ,  a coup ling  c o e f f i c i e n t  o f
th e  type
ChmiÄml j 2m2) —  A(9)
r e s u l t s .
S ince  j i = j 2 =1/2 > Ä i s  f u r t h e r  r e s t r i c t e d  to  0 o r  1. There i s  a 
f u r t h e r  f i n a l  r e s t r i c t i o n  on A which i s  due to  p a r i t y  c o n s e rv a t io n .  I t  i s  
n e c e s s a ry  f o r
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M m )
p . ( - i ) = p A(10)
where P-^  and Pf a re  th e  p a r i t i e s  o f  th e  i n i t i a l  and f i n a l  s t a t e s  r e s p e c t i v e l y  
S ince  0£&£l, th e  on ly  v a lu e  allow ed f o r  th e  t r a n s f e r r e d  a n g u la r  momentum i s  
z e ro .  C o l l e c t in g  th e  r e s u l t s  o f  th e  p re v io u s  e q u a t io n s  to g e th e r  g iv e s
J  (R)
N2Eb -aR
M i l )
The e q u a t io n  which in c lu d e s  th e  s p e c t r o s c o p ic  am p litudes  o f  th e  p y  
s t a t e  in  13C m ere ly  r e p la c e s  N2 w ith  (SN)2 . Hence e q .A ( l l )  becomes
J ( R )  = 1
a 0
-aR
aR (A12)
which i s  e q .5 .5 .
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APPENDIX B
In this appendix, a list of typical instrument settings used when 
detecting gamma rays in the range 10-20 MeV. These may be useful to people 
who use the instrument in future.
Fluke H.V. supply. (For 60 A.V.P.) - 2160V on dials.
Fluke H.V. supply. (For XP1030) - 2250V on dials.
Ortec 453 C.F.T.D.
LED = 700 (Arbitrary)
Fraction = 0
Walk adjust = Fully anticlockwise (most important).
Terminate bridging input and external delay with 3 50ft terminators.
First 1455 A Logic shaper and delay.
Input = Positive
Amplitude = 9
Width =2.5
Width switch = X0.1
Delay = lys.
Second 1455 A 
Input = positive 
Amplitude = 7.5 
Width =1.5 
Width Switch = XI 
Delay = 2.41ys.
1446 Coincidence 
Coincidence events = 1 
A = Coincidence 
B = Anti coincidence
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1443 TAC 
Range = 500ns.
Gate mode = A nti  c o in c id e n c e  
Output t im ing  = s t a r t  
S.C.A.
Time = 10 
ATime = 990
1437 S .C .A .
Window = 920 
B a s e l in e  = 14 
Delay = 6
Mode. S.C.A. L.E.
O utput = p o s i t i v e
434 T.F.A.
Coarse g a in  = 5 
F ine  g a in  = 8
Time c o n s ta n t :  Out, o u t .  ( I n t . , D if f )  
Inpu t = neg.
436 100 MHz D is c r im in a t io n
Level = 70.0  
R ese t = Prompt.
1454 Gate 
O utput 10V Pos. 
Gate = C o inc idence  
In p u t Rate = Hi.
408 Bias amp. 
Level = 0 
Gain = 1
180.
410 Linear Amplifier 
Input = Positive 
Attenuation = 10 
Course gain = 1 
Fine gain = 2.5
/ T = »l]iS.
TDiff = (1st> 2nd)
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